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INTRODUCTION: 

This  subject  of  study  aims  to  elucidate  the  cell  cycle  basis  on  which  Q.-myc 
oncogene  initiates  mammary  carcinogenesis  and  transforming  growth  factor  a  (tgfa) 
promotes  the  process.  Conduction  of  this  training  project  will  help  the  P.I.,  Dr.  Dezhong 
Liao,  to  develop  his  career  in  breast  cancer  research.  This  research  project  has  four  tasks, 
each  of  which  is  consisted  of  two  parts,  i.e.  in  vivo  studies  with  transgenic  mice  and  in 
vitro  studies  with  cultured  cells.  The  four  tasks  are: 

•  Task  1.  Study  whether  expression  of  E2F1  and  cyclin  A2  is  induced  to  mediate 
mammary  cancer  formation  in  c-myc  mice.  (Months  1-15). 

•  Task  2.  Investigate  whether  c-myc  initially  suppresses  cyclin  D1  expression,  but 
overexpression  of  cyclins  D1  and  E  occurs  as  later  events  to  facilitate  progression  of 
tumors  to  faster  growing  phenotypes.  (Months  1-15) 

•  Task  3.  Study  the  mechanisms  and  the  roles  of  overexpression  of  cyclins  D1  and  E  in 
mammary  carcinogenesis  in  IGValc-myc  mice.  (Months  16-30). 

•  Task  4.  Investigate  the  mechanisms  for  the  loss  of  pRB  during  mammary 
carcinogenesis  in  myc  and  TGFoc/c-wyc  mice.  (Months  31-36) 

BODY: 

1.  In  vivo  animal  experiments  on  the  cell  cycle  basis  of  c-wyc-induced,  tg/a-enhanced 
mouse  mammary  carcinogenesis:  We  have  actually  started  the  project  since  this 
proposal  was  submitted  to  DOD  in  Jxme  of  1999,  about  one  year  earlier  than  the  time 
when  the  award  was  started.  During  the  past  two  years,  most  in  vivo  animal  experiments 
have  been  completed.  The  main  results  were  published  in  one  research  data  report  (1)  and 
one  review  article  (2).  DOD  was  not  acknowledged  in  these  two  publications,  because 
they  were  submitted  for  publication  before  this  award  was  started.  Nevertheless,  the 
results  published  in  these  two  papers  (1,2)  accomplished  tasks  la.  Id,  2d,  3a,  3e,  4b  and 
part  of  4a  proposed  in  the  Statement  of  Work  (SOW),  although  some  of  these  tasks  were 
originally  scheduled  for  the  second  and  third  years  of  this  award.  The  results  are 
summarized  below: 

Abstract  (summaries  of  appendices  I  and  II): 

In  c-myc  transgenic  mice,  c-myc  expression  was  high  in  the  hyperplastie  mammary 
epithelium  and  the  majority  of  tumor  areas.  However,  the  c-myc  tumors  displayed  focal 
areas  that  showed  a  weaker  staining  of  hematoxylin,  a  lower  expression  of  c-myc,  a  lower 
percentage  of  dead  cells,  but  a  higher  rate  of  cellular  proliferation,  compared  to  the 
adjacent  tumor  areas.  These  “tumor- within-a-tumor  foci”  were  observed  only  in  some 
large,  advanced  tumors,  but  not  in  early  tumors;  thus,  their  appearance  may  represent  a 
second  step  of  tumor  progression.  Therefore,  the  c-myc  mouse  may  be  the  first  animal 
model  of  mammary  carcinogenesis  that  shows  recognizable  multistages  of  tumor 
progression.  Expression  of  E2F1  and  cyclin  A2  was  highly  induced  in  the  hyperplastic 
mammary  glands  and  tumors,  and  was  co-localized  with  c-myc  expression.  In  contrast, 
expression  of  cyclins  D1  and  E  occurred  only  in  the  tumor  foci,  indicating  a  reciprocal 
relationship  in  the  expression  between  c-myc  and  cyclins  D1  and  E.  Overexpression  of 
cyclin  D1  also  occurred  in  the  hyperplastic  mammary  glands  in  tg/a-trasngenic  mice,  and 
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in  the  mammary  tumors  from  tgfa/c-myc  double  transgenic  mice,  without  showing 
reciprocal  relationship  to  the  c-myc  expression.  In  contrast  to  c-myc  tumors,  most  tgfalc- 
myc  tumors  showed  undetectable  levels  of  retinoblastoma  protein  (pRB),  and  the  loss  of 
pRB  occurred  in  some  cases  at  the  mRNA  level.  These  results  suggest  that  E2F1  and 
cyclin  A2  may  be  induced  by  c-Myc  to  mediate  the  onset  of  mammary  cancer,  whereas 
overexpression  of  cyclins  D1  and  E  may  occur  later  to  facilitate  tumor  progression. 
TGFa  may  play  its  synergistic  role,  at  least  in  part,  by  inducing  cyclin  D1  and  facilitating 
the  loss  of  pRB. 

2.  Cell  death  properties  of  c-Myc-indueed  mouse  mammary  tumors:  During  our 
studies  on  the  cell  cycle  profile  of  the  c-myc  tumors,  we  found  that  about  15%  of  the  cells 
were  dead  via  programmed  cell  death,  in  strong  contrast  to  only  1-2%  in  tgfa/c-myc 
double  transgenic  tumors  (1,2).  We  therefore  further  investigate  the  cell  death  properties 
in  the  c-myc  tumor  tissue  (3),  although  this  work  was  not  originally  planed  in  the 
proposal.  The  results  were  summarized  below; 

Abstract  (summary  of  appendix  III): 

Enforced  expression  of  c-myc  has  been  shown  to  serve  as  an  apoptotic  stimulus  in 
cultured  cells,  in  the  absence  of  survival  factors.  Prior  studies  have  also  demonstrated  that 
tissues  expressing  the  c-myc  transgene  display  a  large  number  of  dead  cells.  In  this  study, 
we  found  that  MMTV-c-wyc  transgenic  mouse  mammary  tumor  cells  exhibited 
mitochondrial  malformation,  characterized  by  a  primarily  amorphous  matrix,  with  very 
few  cristae.  Mitochondria  were  also  frequently  degenerated.  Cytochrome  c  expression 
was  much  lower  in  the  majority  of  MMTV-c-myc  mammary  tumor  cells,  compared  to 
adjacent,  c-wyc-silenced  tumor  foci.  In  the  majority  of  the  tumor  areas,  there  were  many 
dying  and  dead  cells  organized  in  clusters,  termed  dead  cell  islands.  These  cells  exhibited 
shrinkage,  TUNEL  positive  staining,  nuclear  localization  of  apoptosis-inducing  factor 
(AIF),  but  a  lack  of  typical  apoptotic  morphology,  such  as  nuclear  condensation  and 
formation  of  cell  membrane  blebs  and  apoptotic  bodies.  Many  macrophages  were 
detected  infiltrating  into  these  dead  cell  islands  and  engulfing  the  dying  or  dead  tumor 
cells.  Disruption  of  tumor  cells  was  rare,  but  disrupted  macrophages  were  common. 
These  morphologic  features  suggest  that  the  atypical  cell  death  in  c-myc  transgenic 
mammary  tumor  tissue  may  be  related  to  malformed  and  degenerated  mitochondria, 
possibly  leading  to  energy  deficiency,  and  to  the  early  involvement  of  macrophages 
engulfing  the  dying  cells. 

3.  In  vitro  experiments  with  cell  culture:  Tasks  lb,  Ic,  2a,  2b  and  2c  of  SOW  were 
originally  scheduled  for  this  time  period.  We  have  initiated  these  experiments  by 
requesting  the  relevant  cDNAs  (cDNAs  of  c-myc,  e2fl.  and  cyclins  A2,  D1  and  E)  from 
different  laboratories  that  cloned  these  genes.  Some  of  the  eDNAs  have  also  been 
transfected  into  baeteria  for  propagation.  However,  we  later  learned  that  the  CommaDl 
and  HC14MV4  cells  contain  mutations  of  the  p53  tumor  suppressor  gene,  which  affect 
significantly  the  cell  cycle  regulation.  Hence,  these  cells  may  have  quite  different  cell 
cycle  properties,  compared  to  the  normal  mammary  epithelium.  Because  of  this 
unexpected  development,  we  did  not  continue  to  use  Commadl  and  HC14MV4  cells  in 
our  in  vitro  studies,  which  affects  the  progress  of  tasks  lb,  le,  2a,  2b  and  2c.  To 
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accomplish  these  tasks,  we  need  to  establish  or  obtain  new  mouse  mammary  epithelial 
cell  lines.  While  we  are  working  on  isolation  of  mammary  epithelial  cells  from  c-myc 
transgenic  mice,  we  postpone  these  tasks  to  the  second  period  of  this  award,  and  conduct 
in  advance  tasks  Id,  2d,  3a,  3e,  4a  and  4b  that  were  originally  seheduled  for  years  two 
and  three. 

4.  Study  of  c-myc  amplification  and  overexpession  in  human  breast  cancer  biopsies: 

It  is  important  to  investigate  the  relevance  of  our  findings  in  c-myc  transgenic  model  to 
the  human  breast  cancer,  although  studies  on  human  subjects  were  not  planed  in  the 
proposal.  Therefore  we  studied  amplification  and  expression  of  c-myc  gene  in  a  group  of 
high-grade  human  breast  cancer  biopsies  (4).  The  results  were  summarized  below: 

Abstract  (summary  of  appendix  IV): 

Although  there  have  been  many  reports  on  the  amplification  and  overexpression  of  the  c- 
myc  oncogene  in  human  breast  cancer,  few  of  such  studies  have  utilized  in  situ 
hybridization  approaches  to  directly  analyze  the  gene  amplification  and  RNA  expression 
on  tumor  tissue  sections.  In  this  study,  we  analyzed  gene  amplification,  RNA  expression, 
and  protein  expression  of  the  c-myc  gene  in  tissue  specimens  of  high-grade  breast  cancer 
with  these  techniques.  A  surprisingly  high  proportion  (70%)  of  the  tumor  eases  was 
found  to  demonstrate  amplification  of  the  c-myc  gene.  However,  the  level  of 
amplification  was  surprisingly  low,  ranging  between  1-4  eopies  of  gene  gains,  and  the 
majority  (84%)  of  the  cases  with  the  gene  amplification  gained  only  1-2  copies. 
Approximately  95%  and  79%  of  the  cases  exhibited  c-myc  RNA  and  protein 
overexpression,  respectively;  in  contrast,  reduction  mammoplasty-derived  breast  tissue 
expressed  the  mRNA  and  the  protein  only  in  about  14%  (1  of  7)  and  0%  (0  of  7)  cases, 
respectively.  No  statistically  significant  correlation  was  identified  among  the  gene 
amplification  indices,  the  RNA  expression  scores,  and  protein  expression  scores;  this 
result  may  be  related  in  part  to  the  great  intratumoral  heterogeneity  of  c-myc  expression 
at  both  RNA  and  protein  levels.  In  nearly  all  of  the  tumor  samples,  areas  of  tumor  cells 
were  observed  that  were  both  positive  and  negative  for  expression  of  the  mRNA  and 
proteins  of  c-myc  gene,  irrespective  of  the  gene  amplification  status.  No  specific  tumor 
histology  was  identified  specifically  for  the  positive  expression  nor  the  negative 
expression  of  c-myc  at  either  RNA  or  protein  level.  Some  areas  of  tumor  cells  that  were 
negative  for  RNA  expression  were  positive  for  the  protein,  and  vice  versa.  Predominantly 
nuclear  staining  of  c-Myc  protein  was  found  in  stromal  fibroblasts,  in  well-differentiated 
tumors,  as  well  as  in  invasive  tumor  areas.  However,  predominantly  cytoplasmic  staining 
of  c-Myc  was  observed  only  in  the  widely  invasive  tumor  eells,  not  in  fibroblasts, 
hyperplstie  lesions,  nor  well-differentiated  tumor  areas.  These  results  indicate  that  high- 
grade  breast  cancer  may  have  high  frequency  but  low  copy  number  of  the  c-myc  gene 
amplification,  as  well  as  high  frequencies  of  overexpression  at  the  RNA  and  protein 
levels.  The  gene  amplification,  RNA  overexpression  and  protein  overexpression  of  c-myc 
are  not  necessarily  interrelated.  The  oecurrence  of  predominantly  cytoplasmic 
localization  of  c-Myc  protein  may  correlate  with  the  tumor  aggressiveness  and  thus  a 
poor  prognosis. 


6 


5.  Study  of  the  relationships  among  cyclins  and  c-Myc  in  human  breast  cancer:  In 

the  c-myc  transgenic  mammary  tumors,  expression  of  c-myc  was  found  to  be  colocalized 
with  that  of  cyclin  A2  but  was  reciprocally  related  to  the  expression  of  cyclins  D1  and  E. 
These  results  indicate  that  c-Myc  might  induce  cyclin  A2  but  suppress  cyclins  D1  and  E. 
We  therefore  further  investigated  whether  such  interrelationships  among  cyclins  and  c- 
Myc  occurred  also  in  human  breast  cancer  (5).  The  results  were  summarized  below: 

Abstract  (summary  of  appendix  V): 

Many  in  vitro  studies  have  suggested  that  cyclins  Dl,  E  and  A2  are  putative  target  genes 
of  c-Myc  and  their  expression  is  regulated  by  c-Myc.  However,  few  studies  have 
addressed  whether  these  c-Myc  regulations  really  occur  in  a  human  cancer. 
Characterization  of  these  issues  may  be  helpful  for  the  understanding  of  many 
paradoxical  issues  pertaining  to  the  relationship  between  overexpression  of  these  genes 
and  many  clinicopathologic  parameters.  In  the  present  study,  we  examined  the 
topographic  relationships  among  the  expression  of  these  genes  by  comparison  of  the 
same  patches  of  tumor  cells  immunohistochemically  stained  for  c-Myc  and  these  cyclins 
on  serial  sections.  Four  patterns  of  relationships  between  c-Myc  and  cyclin  Dl  were 
observed  in  different  patches  of  tumor  cells,  i.e.  negative  c-Myc  with  nuclear  cyclin  Dl, 
positive  nuclear  c-Myc  with  basically  negative  cyclin  Dl,  strong  cytoplasmic  cyclin  Dl 
with  nuclear  c-Myc,  and  nuclear  c-Myc  with  both  nuclear  and  cytoplasmic  cyclin  Dl. 
Expression  of  cyclin  E,  no  matter  in  the  cytoplasm,  both  cytoplasm  and  nucleus  or  the 
nucleus,  was  always  associated  with  expression  of  cyclinDl,  c-Myc,  or  both.  Both 
reciprocal  and  concomitant  expression  of  cyclin  E  and  cyclin  Dl  were  observed  in 
different  patches  of  tumor  cells.  Expression  of  cyclin  A2  did  not  seem  to  particularly  be 
associated  with  any  of  the  c-Myc  and  cyclins  Dl  and  E.  However,  cyclin  A2  labeling 
indices  were  statistieally  associated  with  the  Ki67  labeling  indices,  indicating  that 
expression  of  cyclin  A2,  in  general,  reflected  the  proliferation  of  tumor  cells.  Invasive 
tumor  cells  that  were  disseminated  in  the  stromal  or  fat  tissue  usually  manifested  a 
concomitant  staining  of  c-Myc  and  cyclins  Dl  and  E,  but  not  cyclin  A2,  in  the  nucleus. 
Taken  together,  these  results  suggest,  indirectly,  that  c-Myc  and  cyclin  Dl  may  usually 
be  reciprocally  expressed,  whereas  expression  of  cyclin  E  may  require  either  cyclin  Dl  or 
c-Myc.  Concomitant  expression  of  c-Mye  and  cyclins  Dl  and  E  in  the  nucleus  may 
reflect  a  more  invasive  potential  than  expression  of  each  of  these  genes  alone.  Expression 
of  cyclin  A2  may  reflect  tumor  cell  proliferation  in  general,  but  it  should  be  more 
cautious  if  it  is  used  as  a  surrogate  of  proliferation  marker. 

KEY  RESEARCH  ACCOMPLISHMENTS  TO  DATE: 

•  We  have  found  that  c-myc  mammary  tumors  develop  “tumor-within-a-tumor” 
foci,  which  makes  c-myc  mouse  a  good  animal  model  of  mammary  careinogenesis  that 
shows  recognizable  multistages  of  tumor  progression. 

•  Our  data  suggest  that  in  the  mammary  gland,  c-Myc  may  induce  E2F1  and  cyclin 
A2  to  initiate  the  tumor  development,  whereas  overexpression  of  cyclins  Dl  and  E  may 
occur  as  later  events  to  promote  tumor  progression  to  a  more  aggressive  phenotype. 
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•  Our  data  also  suggest  that  TGFa  may  enhance  c-Myc-induced  mammary 
carcinogenesis  by  inducing  cyclin  D1  and  facilitating  the  loss  of  pRB,  resulting  in  an 
earlier  development  of  more  aggressive  tumors,  compared  to  the  c-myc  tumors. 

•  Our  observations  show  that  c-Myc-induced  cell  death  in  mammary  tumors  is  not  a 
typical  apopotosis  as  one  may  assume  based  on  studies  with  cultured  cells. 

•  We  have  shown  that  in  high-grade  human  breast  cancer,  the  c-myc  gene  is 
frequently  amplified,  but  the  copies  of  gene  gains  are  usually  low.  Cytoplasmic 
localization  of  overexpressed  c-Myc  protein  may  be  associated  with  tumor 
aggressiveness. 

•  Our  data  suggest  that  in  human  breast  cancer,  concomitant  expression  of  c-Myc 
and  cyclins  D1  and  E  may  reflect  a  more  invasive  potential  than  the  expression  of  each  of 
these  genes  alone,  whereas  expression  of  cyclin  A2  may  reflect  tumor  cell  proliferation. 


REPORTABLE  OUTCOMES  FOR  THIS  PERIOD: 

1 .  Published  a  paper  in  “Oncogene”,  which  described  the  cell  cycle  profile  in  c-myc  and 
tgfalc-myc  transgenic  mammary  tumors. 

2.  Published  a  review  article  in  “Endocrine-Related  Cancer”,  which  described  the 
literature  and  our  hypothesis  on  the  role  of  c-myc  in  breast  cancer. 

3.  Submitted  a  manuscript  to  “Oncogene”  to  present  data  on  the  cell  death  properties  of 
c-myc  transgenic  mammary  tumors. 

4.  Submitted  a  manuscript  to  “Clinical  Cancer  Research”  to  present  the  c-myc 
amplification  and  overexpression  in  human  breast  caneer  biopsies. 

5 .  Complete  a  manuscript  to  be  submitted  to  “American  Journal  of  Pathology”  to 
present  our  data  on  the  relationships  among  cyclins  and  c-Myc. 

6.  Complete  a  review  article  for  a  publication  in  a  special  issue  of  “Journal  of  Steroid 
Biochemistry  &  Molecular  Biology”,  which  we  are  editing.  The  article  summarizes 
the  literature  and  our  hypothesis  on  the  roles  of  androgens  in  the  mammary  gland. 

CONCLUSIONS: 

During  the  first  year  of  this  award,  we  have  accomplished  tasks  la.  Id,  2d,  3  a,  3  e,  4b  and 
part  of  4a;  some  of  these  tasks  were  originally  scheduled  for  the  second  and  third  years. 
The  results  indicate  that  c-Myc  may  induce  E2F1  and  cyclin  A2  to  initiate  the  tumor 
development,  whereas  overexpression  of  cyclins  D1  and  E  may  occur  as  later  events  to 
promote  tumor  progression  to  a  more  aggressive  phenotype.  TGFa  may  enhance  c-Mye- 
induced  mammary  earcinogenesis  by  inducing  cyclin  D1  and  facilitating  the  loss  of  pRB 
expression.  While  accomplishing  the  above  tasks,  we  have  postponed  tasks  lb,  Ic  2a,  2b, 
and  2c  as  the  future  work,  due  to  the  unexpected  finding  of  p53  mutations  in  Commadl 
and  HC14MV4  cells.  Moreover,  we  have  also  accomplished  several  studies  on  c-Myc 
and  cyclins  in  human  breast  cancer,  and  have  written  a  review  artiele  on  the  sex 
hormones  in  the  mammary  gland  (6).  These  lines  of  work  were  not  scheduled  in  the 
experimental  tasks,  but  were  described  as  parts  of  the  Career/Research  Plans  of  this 
award. 
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Using  single  and  double  transgenic  mouse  models,  we 
investigated  how  c-Myc  modulates  the  mammary 
epithelial  cell  cycle  to  induce  cancer  and  how  TGFa 
enhanced  the  process.  In  c-myc  transgenic  mice,  c-myc 
expression  was  high  in  the  hyperplastic  mammary 
epithelium  and  in  the  majority  of  tumor  areas.  However, 
the  tumors  displayed  focal  areas  of  low  expression  of  c- 
myc  but  high  rates  of  proliferation.  In  contrast  to  E2F1 
and  cyclin  A2,  which  were  induced  and  co-localized  with 
c-myc  expression,  induction  of  cyclins  D1  and  E 
occurred  only  in  these  tumor  foci.  Overexpression  of 
cyclin  D1  also  occurred  in  the  hyperplastic  epithelium  of 
t^a-single  and  tgfajc-myc-diOvMc  transgenic  mice.  In 
tgfxl c-myc  tumors,  cells  positive  for  cyclins  D1  and  E 
were  randomly  spread,  without  showing  a  reciprocal 
relationship  to  c-myc  expression.  In  contrast  to  c-myc 
tumors,  most  tgfxjc-myc  tumors  showed  undetectable 
levels  of  retinoblastoma  protein  (pRB),  and  the  loss  of 
pRB  occurred  in  some  cases  at  the  mRNA  level.  These 
results  suggest  that  E2F1  and  cyclin  A2  may  be  induced 
by  c-Myc  to  mediate  the  onset  of  mammary  cancer, 
whereas  overexpression  of  cyclins  D1  and  E  may  occur 
later  to  facilitate  tumor  progression.  TGFa  may  play  its 
synergistic  role,  at  least  in  part,  by  inducing  cyclin  D1 
and  facilitating  the  loss  of  pRB.  Oncogene  (2000)  19, 
1307-1317. 

Keywords:  c-Myc;  TGFa;  E2F;  cyclins;  pRB;  cell  cycle 


Introduction 

The  c-Myc  protein  plays  a  crucial  role  in  cell 
proliferation,  differentiation,  apoptosis,  and  transfor¬ 
mation  (Schmidt,  1999;  Facchini  et  ai,  1998;  Amati  el 
ai,  1998;  Dang,  1999).  Overexpression,  amplification, 
or  rearrangement  of  the  c-myc  gene  has  been  reported 
in  over  50%  of  human  breast  cancer  cases  (Nass  et  al., 
1997;  Amundadottir  et  al.,  1996a).  About  half  of  the 
virgin  female  mice  carrying  the  c-myc  transgene  under 
control  of  mouse  mammary  tumor  virus  (MMTV)  long 
terminal  repeat  also  develop  spontaneous  mammary 
carcinomas  after  9  months  of  age  (Stewart  et  al.,  1984; 
Amundadottir  et  al.,  1995,  1996b).  c-Myc-induced 
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carcinogenesis  may  be  further  promoted  by  additional 
growth  stimuli  such  as  some  female  sex  hormones, 
since  multiple  pregnancies  markedly  increase  its 
incidence  and  shorten  its  latency  period  (Stewart  et 
ai,  1984;  Amundadottir  et  al.,  1995,  1996b). 

One  major  mechanism  for  c-Myc  to  exert  its 
functions  involves  its  action  as  a  transcription  factor, 
heterodimerizing  with  Max  and  binding  to  the  Myc  E- 
box  elements  of  its  target  genes  (Cole  et  al.,  1999). 
Thus,  cdc25A  and  cyclins  E  and  A2  have  been 
suggested  as  direct,  c-Myc-activated  target  genes  (Cole 
et  al.,  1999;  Obaya  et  al.,  1999).  In  contrast,  the 
relationship  between  c-Myc  and  cyclin  D1  is  still  under 
debate  in  the  literature  (Facchini  et  al.,  1998;  Dang, 
1999).  The  5'-flanking  region  of  the  cyclin  D1  gene  in 
mouse  and  human  contains  a  c-Myc  recognition  site 
(Daksis  et  al.,  1994),  and  expression  of  cyclin  D1  has 
been  shown  to  be  induced  in  some  c-mjc-expressing 
tumor  cells  (Facchini  et  al,  1998;  Dang,  1999),  in  liver 
tissue,  and  in  liver  tumors  from  mice  carrying  a  c-myc 
transgene  under  the  control  of  the  albumin  gene 
promoter  (Santoni-Rugiu  et  ai,  1998).  These  data 
seem  to  suggest  that  cyclin  D1  may  be  a  direct  target 
of  activation  by  c-Myc.  However,  it  has  also  been 
shown  in  other  systems  that  c-Myc  suppresses 
transcription  of  cyclin  D1  (Philipp  et  ai,  1994; 
Jansen-Durr  et  al.,  1993;  Marhin  et  al.,  1996).  Still 
other  studies  suggest  that  cyclin  D1  is  not  a  target  of  c- 
Myc-signaling  but  represents  a  pathway  parallel  to  c- 
Myc  signaling  for  control  of  cell  replication  (Roussel, 
1998;  Bodrug  et  al.,  1994;  Alexandrow  et  al.,  1998; 
Solomon  et  al.,  1995).  Nevertheless,  these  four  putative 
c-Myc  targets  (cdc25A,  cyclins  E,  A2  and  Dl)  can 
function  to  activate  cyclin  dependent  kinases  (cdk)  4,  6 
or  2  during  G1  and  S  phases,  resulting  in  phosphor¬ 
ylation  of  the  retinoblastoma  protein  (pRB).  pRB- 
associated  transcription  factors,  of  which  E2F1  is  the 
most  important,  are  thus  released  and  activated 
(Morgan,  1995;  Sherr,  1996).  Free  E2F1  activate3 
transcription  of  genes  required  for  S  phase  entry  and 
progression  (Johnson  et  al.,  1998;  Lavia  et  al.,  1999). 

Voluminous  literature  has  causally  connected  cancer 
onset  and  progression  to  abnormal  expression  or  gene 
structure  (amplification  or  mutation)  of  cyclins  Dl,  E, 
and  A2,  as  well  as  cdk  inhibitors  pi 6,  p27,  and  p21  (or 
its  key  regulator,  p53)  (Morgan,  1995;  Sherr,  1996; 
Gray-Bablin  et  al.,  1996;  Keyomarsi  et  al.,  1993;  Steeg 
et  al.,  1998;  Barnes  et  al,  1998).  Each  of  these  genes 
encodes  a  protein  controlling  a  step(s)  along  the  cyclin- 
cdk-pRB  pathway,  alteration  in  which  presumably 
results  in  an  increase  in  free,  active  E2F1  or  other 
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E2F  family  members.  This  implies  that  E2F1  plays  a 
central  role  in  cancer  development  (Johnson  et  al., 
1998).  Overexpression  of  E2F1  is  an  intriguing 
mechanism  for  its  activation  in  the  context  of  c-Myc- 
induced  carcinogenesis,  since  E2F1  expression  has  been 
shown  to  be  induced  in  liver  from  c-myc  transgenic 
mice  (Santoni-Rugiu  et  al.,  1998)  and  in  fibroblasts 
transfected  with  the  c-myc  gene  (Leone  et  al.,  1997). 

Transforming  growth  factor  a  (TGFo:)  is  a  strong 
mitogen  for  a  variety  of  cell  types  (Lee  et  al.,  1995; 
Dickson  et  al.,  1995)  and  is  overexpressed  in  over 
50%  of  breast  cancer  cases  (Auvinen  et  al.,  1996; 
Pilichowska  et  al.,  1997;  Panico  et  al.,  1996).  Virgin 
female  mice  carrying  a  tgfa  transgene  under  control  of 
the  MMTV  or  metallothionein-1  (MT)  promoters 
develop  mammary  epithelial  hyperplasia,  but  not 
mammary  cancer,  unless  the  mice  undergo  multiple 
pregnancies  (Sandgren  et  al.,  1990;  Jhappan  et  al., 
1990;  Matsui  et  al,  1990).  However,  dual  carriers  of 
c-myc  and  tgfa  transgenes,  generated  in  our  laboratory 
by  mating  the  MMTV-c-mjc  strain  to  the  MT-tgfa 
strain,  develop  mammary  cancers  at  100%  incidence, 
in  both  females  and  males,  soon  after  2  months  of 
age.  In  addition,  the  tumors  grow  much  faster  than 
those  occurring  in  the  c-myc  single  transgenic  strain 
(Amundadottir  et  al,  1995,  1996b).  These  data 
demonstrate  that  TGFa  overexpression  strikingly 
enhances  c-Myc-induced  carcinogenesis  (Sinn  et  al., 
1987),  in  line  with  the  in  vitro  studies  showing  that  co¬ 
transfection  of  cells  with  tgfa  and  c-myc  effectively 
induces  transformed  phenotype,  in  contrast  to  trans¬ 
fection  of  either  gene  alone  (Amati  et  al.,  1998;  Land 
et  al.,  1983).  The  mechanisms  for  this  synergistic 
influence  of  TGFa  are  not  yet  fully  clarified.  With 
respect  to  the  interactions  of  these  two  proteins  at  the 
cell  cycle  level,  one  possibility  is  that  the  synergistic 
role  of  TGFa  is  exerted  via  the  Ras/Raf  cascade,  a 
major  TGFa  signaling  pathway  (Lee  et  al,  1995), 
since  overexpression  of  c-Ras*^  has  been  shown  to 
increase  the  c-Myc  protein  levels  (Kerkhoff  et  al, 
1998;  Sears  et  al.,  1999).  Also,  co-expression  of  c-Myc 
and  activated  c-Ras“,  but  not  either  gene  alone,  is 
able  to  transform  cells  in  culture  (Amati  et  al,  1998; 
Land  et  al.,  1983).  However,  the  Ras/Raf  pathway 
seems  to  recruit  cyclin  D1  as  a  major  step  (Lukas  et 
al.,  1996),  whereas  synergy  between  c-Ras”  and  c-Myc 
has  been  shown  in  fibroblasts  to  be  elicited  via 
induction  of  E2F1  and  activation  of  cyclin  E-cdk2, 
without  affecting  either  cyclin  D1  activity  or  pRB 
phosphorylation  (Leone  et  al,  1997). 

By  using  three  transgenic  mouse  models,  in  this 
study  we  set  out  to  explore  the  cell  cycle  regulatory 
mechanisms  whereby  c-Myc  elicits  mouse  mammary 
tumors  and  to  determine  how  TGFa  synergistically 
modulates  these  mechanisms.  We  found  that  in  c-myc 
transgenic  mice,  induction  of  cyclin  A2  and  E2F1  were 
most  closely  associated  with  expression  of  the  c-myc 
transgene  and  might  thus  mediate  tumor  onset.  In 
contrast,  overexpression  of  cyclins  D1  and  E  occurred 
as  later  events  in  morphologically  distinctive,  rapidly 
growing,  poorly  apoptotic  foci  within  established  c-myc 
tumors.  In  our  synergistic,  bi-transgenic  model,  TGFa 
appeared  to  immediately  induce  cyclin  D1  and  to 
cooperate  with  c-Myc  to  attenuate  the  levels  of  pRB 
protein.  We  propose  that  these  two  TGFa-mediated 
effects  may  be  associated  with  the  earlier  onset  and 


faster  growth  of  the  mammary  cancer  in  the  bi- 
transgenic  model. 


Results 

Morphologic  characteristics  of  mammary  tumors 

In  MT-tg/a  transgenic  mice,  mammary  glands  showed 
hyperplasia,  but  without  tumor  formation.  As  observed 
also  by  others  (for  review  see  Cardiff  et  al,  1995),  the 
mammary  tissue  contained  abundant,  proliferating 
stroma.  In  marked  contrast,  the  hyperplastic  mammary 
tissue  from  MMTV-c-wyc  animals  did  not  show 
pronounced  stromal  proliferation.  Stromal  cells  were 
also  abundant  in  hyperplastic  mammary  tissue  and 
mammary  carcinomas  from  bi-transgenic  tgfajc-myc 
mice.  The  epithelial  cells  in  non-tumor  areas  of  the 
mammary  glands  from  bi-transgenic  mice  usually 
manifested  atypical  hyperplastic  features  that  were 
similar  to  the  morphology  of  tumor  cells.  Thus,  there 
was  no  clear-cut  evidence  for  pre-malignant  stages  of 
this  tumor  type. 

In  c-myc  transgenic  animals,  about  half  of  the 
relatively  larger  (1  cm  or  larger  in  diameter)  tumors 


Figure  1  Hematoxylin-eosin  staining  of  mammary  tumors  from 
two  c-myc  animals,  showing  three  individual  foci  (FI,  F2  and  F3) 
within  the  tumors.  Some  areas  of  the  foci  show  infiltrating  growth 
into  the  adjacent  tumor  areas  (arrow).  Necrosis  (N)  can  be 
discerned  in  focus  2 


Figure  2  Tunel  staining  of  a  tumor  from  a  c-myc  animal, 
showing  that  apoptotic  cells  (dark  brown  staining)  are  distributed 
predominantly  in  the  major  tumor  area,  but  rarely  in  the  focus 
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contained  foci  that  consisted  of  tumor  cells  with 
distinctive  morphology.  Specifically,  tumor  cells  within 
the  foci  were  characterized  by  larger  nuclei  and  weaker 
staining  for  hematoxylin  and  eosin  (Figure  la,b). 
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Although  this  ‘tumor  within  a  tumor’  showed  a  clear 
boundary  of  demarcation  from  surrounding  tumor 
areas,  it  was  not  encompassed  by  a  connective  tissue 
capsule.  Usually,  some  portion  of  each  focus  exhibited 


r  >  tv-  .s 


Figure  3  Immunohistochemical  staining  (brown  color)  with  light  hematoxylin  counter-staining  (blue  color).  Staining  shown  in  (a- 
e)  and  (i)  was  carried  out  on  serial  sections  of  the  same  tumor  and  tumor  focus  (FI)  as  shown  in  Figure  1  (a).  Tumor  cells  inside 
focus  1  show  stronger  staining  for  PCNA  than  cells  outside  the  focus  (a).  Most  tumor  cells  outside,  but  not  inside,  the  focus  exhibit 
strong  staining  for  c-Myc  (b)  and  cyclin  A  (c),  although  some  stromal  cells  inside  the  focus  are  also  positive  for  cyclin  A  (arrows). 
Conversely,  most  tumor  cells  inside  the  focus  exhibit  strong  staining  for  cyclin  D1  (d)  and  cyclin  E  (e),  while  tumor  cells  outside  the 
focus  are  negative.  Many  cells  in  the  hyperplastic  mammary  gland  from  a  tgfa  animal  (f)  and  in  a  tumor  from  a  tgfalc-myc  animal 
(g)  also  show  strong  cyclin  D1  staining.  In  a  c-myc  tumor,  some  cyclin  E-positive  cells  show  a  trend  of  penetrating  (from  up-left 
side)  into  the  adjacent,  cyclin  E-negative  area  (low-right  side)  (h).  Staining  for  cdk4  (i)  is  more  intense  in  many  tumor  cells  inside  the 
focus  than  those  in  the  adjacent  area 
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infiltration  into  the  adjacent,  surrounding  tumor  areas 
(Figure  1).  Necrotic  areas  were  occasionally  seen  inside 
the  foci  (Figure  lb).  Very  strikingly,  apoptotic  cells 
within  each  focus  were  much  less  frequent  than  in  the 
surrounding  tumor  areas.  When  foci  were  observed, 
their  numbers  varied  between  two  and  four  in  each 
random  cross-section  and  their  sizes  varied  from 
microscopic  to  about  3  mm  in  diameter  for  the  animal 
ages  of  10-12  months.  The  foci  were  not  seen  in 
tumors  less  than  1  cm  in  diameter,  indicating  that  they 
might  have  occurred  selectively  at  relatively  advanced 
progression  states.  No  such  specific  foci  were  observed 
in  tumors  from  tgfajc-myc  double  transgenic  mice. 

Assessment  of  cell  proliferation  and  apoptosis 

In  c-myc  tumors,  PCNA  staining  was  more  intense  in 
the  specific  foci  than  in  their  surrounding  tumor  areas 
(Figure  3a).  The  staining  in  tgfajc-myc  tumors  was  as 
intense  as  in  the  c-myc  tumor  foci.  Moreover,  the 
staining  index  for  the  c-myc  tumor  foci  (39.1% +  3.4) 
was  higher  than  that  for  their  surrounding  tumor  tissue 
(20.4% +  4.0,  F<0.01),  but  it  was  comparable  to  that 


for  tgfajc-myc  tumors  (44.4% +4.2,  /’>0.05).  Hyper¬ 
plastic  mammary  glands  from  all  three  lines  of 
transgenic  animals  also  showed  some  strongly  stained 
cells,  but  the  fraction  was  too  small  to  allow 
calculation  of  a  reliable  index.  PCNA-positive  cells 
were  not  observed  in  mammary  glands  from  the 
normal,  non-transgenic  animals. 

In  contrast  to  the  PCNA  staining  results,  the 
TUNEL  assay  for  apoptotic  cells  showed  a  much 
higher  labeling  index  in  the  major  areas  (15.8% +  1.8) 
than  in  the  foci  (1.0%  +  1.1,  ^<0.01)  of  c-myc  tumors 
(Figure  2).  The  TUNEL  labeling  index  in  the  tgfajc- 
myc  tumors  (1.7%  +  1.1)  was  comparable  to  that  in  the 
foci  of  c-myc  tumors  (F’>0.05). 

Expression  of  c-myc 

Consistent  with  the  data  reported  previously  (Amun- 
dadottir  et  al,  1995),  c-myc  mRNA  was  abundantly 
expressed  in  hyperplastic  mammary  epithelium  (Figure 
4a)  and  in  tumors  (Figure  4b)  from  c-myc  mice,  but 
was  undetectable  in  normal  mammary  tissue  from  age- 
matched,  non-transgenic  animals.  A  sense  probe  did 


Figure  4  Nonradioactive  in  situ  hybridization  for  c-myc  (a-c)  and  e2j\  (d-f)-  Hybridizations  shown  in  (b),  (c),  and  (e)  were  carried 
out  on  serial  sections  of  the  same  tumor  and  tumor  focus  (FI)  as  shown  in  Figure  1  (a).  In  c-myc  animals,  high  levels  of  c-myc 
■mRNA  were  detected  by  antisense  probe  in  hyperplastic  mammary  glands  (a)  and  in  the  major  tumor  area,  but  not  the  tumor  focus 
(b).  No  signal  was  detected  in  the  same  tumor  area  when  a  sense  probe  was  used  (c).  High  levels  of  e2f\  mRNA  expression  were 
detected  by  an  antisense  probe  (d)  in  hyperplastic  mammary  glands  from  a  c-myc  animal.  The  e2fl  mRNA  expression  co-localizes 
with  c-myc  expression  in  the  same  tumor  as  shown  in  2(b)  (e).  No  signal  was  detected  in  the  hyperplastic  mammary  glands  from  c- 
myc  animal  when  an  e2fl  sense  probe  was  used  (f) 
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not  give  rise  to  a  signal  in  any  of  these  tissues  (Figure 
4c),  demonstrating  that  the  signal  detected  by  the 
antisense  probe  is  specific  for  the  c-myc  mRNA.  The 
foci  in  c-myc  tumors  showed  very  low  levels  of  its 
expression  (Figure  4b),  in  strong  contrast  to  their 
adjacent  areas  with  high  levels  of  c-myc  mRNA. 
Immunohistochemical  results  also  showed  a  much 
stronger  positive  staining  in  the  major  tumor  areas 
than  in  the  foci  (Figure  3b).  Western  blot  analyses 
revealed  much  higher  levels  of  c-Myc  protein  in 
mammary  tumors,  compared  to  hyperplastic  mammary 
tissue  (Figure  5).  However,  this  difference  was  due 
largely  to  the  heterogeneity  in  cellularity,  as  the 
mammary  tissues  used  for  protein  sample  preparation 
were  fat  pads  dominated  by  fat  tissue.  Hyperplastic 
epithelium  and  tumors  from  tgfajc-myc  animals  also 
expressed  high  levels  of  c-myc  mRNA  and  protein, 
while  expression  of  c-myc  was  not  detected  in  the 
hyperplastic  epithelium  from  tgfa.  animals. 
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Expression  of  E2F1 

An  e2f\  antisense  probe  detected  strong  signals  in  the 
hyperplastic  mammary  epithelium,  from  both  c-myc 
(Figure  4d)  and  tgfajc-myc  animals,  but  not  in  that 
from  tgfa  transgenic  mice,  suggesting  that  the  induc¬ 
tion  of  e2fl  mRNA  was  specifically  related  to 
expression  of  c-Myc,  but  not  TGFa.  In  tumors  from 
c-myc  animals,  the  major  areas  with  high  levels  of  c- 
myc  mRNA  and  protein  also  expressed  high  levels  of 
e2f\,  whereas  those  specific  tumor  foci  with  low 
expression  levels  of  c-myc  exhibited  very  low  levels  of 
e2f\  (Figure  4e),  indicating  that  expression  of  e2fl  and 
c-myc  are  co-localized.  High  levels  of  e2f\  expression 
were  also  detected  in  tgfajc-myc  tumors  (Table  1).  The 
sense  probe  did  not  give  rise  to  signal  (Figure  4f). 
Northern  blot  analysis  detected  the  expected  two  e2f\ 
transcripts  (Li  et  al.,  1994)  in  c-myc  and  tgfajc-myc 
tumors  (Figure  6).  Western  blot  analysis  also  con¬ 
firmed  high  levels  of  the  E2F1  protein  in  these  tumors 
(Figure  5).  Immunohistochemical  staining  on  paraffin- 
embedded  tissues  was  not  successful  with  this,  nor  with 
other  antibodies. 


Expression  of  cyclin  A2 

Immunohistochemistry  for  cyclin  A2  showed  that  in  c- 
myc  tumors,  positive  tumor  cells  were  localized  mainly 
to  the  major  areas  with  high  levels  of  c-Myc  (Figure  3c), 
indicating  that  expression  of  cyclin  A2  and  c-myc  may 
be  co-localized.  Many  positive  cells  were  also  discerned 
in  the  hyperplastic  epithelium  from  c-myc  animals,  as 
well  as  in  the  atypical  hyperplastic  epithelium  and 
tumors  from  tgfajc-myc  mice,  but  not  in  the  epithelium 


Table  1  Relationship  among  expression  of  c-Myc  and  of  cell  cycle 
CycD3  --  ■  4MI  33  kD  _ components  in  c-myc  and  tgfajc-myc  tumors _ 
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Figure  5  Western  blot  analyses  for  size  comparisons  of  various 
proteins.  N-MG:  protein  samples  from  normal  mammary  tissue 
pooled  equally  from  three  nontransgenic  animals;  mjc-MG: 
hyperplastic  mammary  tissue  from  two  individual  c-myc  animals; 
niyc-T:  three  representative  mammary  tumors  from  c-myc 
animals;  a.myc-MG:  hyperplastic  mammary  gland  tissue  pooled 
from  two  individual  tgfxic-myc  animals;  amrc-T:  two  representa¬ 
tive  tumors  from  tgfalc-myc  animals.  Quantitative  comparisons 
among  different  samples  may  not  be  made,  as  tumor  tissues 
enriched  in  protein  whereas  non-tumor  tissues  were  dominated  by 
protein-poor  fat  tissue 
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Figure  6  Northern  blot  analysis  of  the  e2fl  gene,  demonstrating 
that  e2fi  mRNA  was  expressed  in  two  randomly  selected  tumors 
from  c-myc  animals  (1  and  2)  and  tgfa/c-myc  animals  (3  and  4). 
Loading  of  total  RNA  (10  ;ig  per  lane)  was  visualized  by 
ethidium  bromide  staining  of  the  gel  (lower  panel) 
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from  Igfx  animals  (data  not  shown).  On  Western  blot, 
cyclin  A2  protein,  at  about  (~)  58  kD  was  detected  in 
c-myc  and  tgfxjc-myc  tumors  (Table  1),  but  not  in 
hyperplastic  mammary  tissues  (Figure  5).  The  antibody 
also  recognized  a  protein  at  ~66  kD  that,  in  contrast, 
was  mainly  present  in  normal  and  hyperplastic 
mammary  tissue.  This  protein  is  likely  to  be  cyclin  Al, 
a  newly  identified  member  of  the  cyclin  A  family 
(Sweeney  et  al.,  1996;  Yang  et  al,  1997),  as  the  peptide 
used  for  generating  the  antibody  differs  from  the 
corresponding  sequence  of  cyclin  Al  by  only  a  few 
amino  acid  residues.  This  protein  might  contribute  to 
the  immunohistochemical  staining  of  some  stromal  cells 
in  the  major  tumor  areas  and  in  the  foci  of  c-myc 
tumors  (Figure  3c,  arrows),  since  similarly  positive  cells 
were  also  observed  in  normal  mammary  tissue  from 
non-transgenic  mice  in  which  only  the  ~66  kD  protein 
was  detected  by  Western  blot  (Figure  5). 

Expression  of  cyclin  D1 

In  c-myc  animals,  cyclin  D1 -positive  cells  could  be 
observed  only  in  tumors,  not  in  hyperplastic  mammary 
epithelium.  In  the  tumors,  the  cyclin  D1 -positive  cells 
were  exclusively  localized  to  the  specific  foci  with  low 
levels  of  c-Myc,  but  not  in  the  major  areas  with  high 
levels  of  c-Myc  (Figure  3d),  suggesting  that  expression 
of  cyclin  D1  and  c-Myc  may  be  reciprocal.  In  contrast 
to  the  c-myc  tumors,  a  large  number  of  tumor  cells  in 
tgfajc-myc  animals  manifested  strong  staining  of  cyclin 
D1  (Table  1),  and  they  were  randomly  spread  within 
the  whole  tumor,  without  forming  any  specific  focus, 
nor  showing  reciprocal  expression  to  c-myc  (Figure  3g). 
Many  cells  in  the  hyperplastic  mammary  epithelium 
from  tgfa  (Figure  3f)  and  tgfajc-myc  mice  also 
exhibited  strong  staining  of  cyclin  Dl,  indicating  that 
cyclin  Dl  expression  might  be  induced  by  TGFa  in  the 
epithelium  prior  to  tumor  formation.  Western  blot 
analysis  confirmed  the  presence  of  high  levels  of  cyclin 
Dl  protein  in  tumors  from  c-myc  and  tgfajc-myc  mice 
(Figure  5). 

Expression  of  cyclin  E 

In  c-myc  tumors,  cyclin  E-positive  cells  were  found  to 
be  co-localized  with  cyclin  Dl,  exclusively  in  the 
specific  focal  lesions,  but  not  the  major  areas  (Figure 
3e).  Moreover,  cyclin  E-positive  cells  usually  showed  a 
trend  for  penetration  into  the  adjacent  areas  (Figure 
3h),  indicating  that  they  might  have  a  stronger  invasive 
potential.  In  tgfajc-myc  tumors,  cyclin  E-positive  cells 
were  randomly  spread  throughout  the  whole  tumor 
(Table  1),  without  forming  specific  foci,  similar  to  the 
distribution  of  cyclin  Dl -positive  cells.  However,  at  the 
subcellular  level,  the  cyclin  E  staining  was  localized  in 
both  nucleus  and  cytoplasm,  unlike  the  solely  nuclear 
staining  seen  in  c-myc  tumors.  Hyperplastic  epithelium 
from  tgfa  and  tgfajc-myc  mice  was  negative  or  weakly 
positive  for  cyclin  E  in  some  cells,  indicating  that  cyclin 
E  was  not  significantly  induced  by  TGFa  alone. 

On  Western  blot  (Figure  5),  cyclin  E  proteins  in  c- 
myc  and  tgfajc-myc  tumors  were  present,  not  only  as 
the  full-length  form  of  ~50  kD,  but  also  as  several 
smaller  isoforms,  as  reported  by  others  for  breast 
cancer  tissue  and  for  cell  lines  derived  from  human  and 
mouse  (Gray-Bablin  et  al.,  1996;  Keyomarsi  et  al.. 


1993;  Said  et  al.,  1995;  Sgambato  et  al.,  1996). 
Interestingly,  an  ~28  kD,  putative  cyclin  E  protein 
was  the  dominant  isoform  in  tgfajc-myc  tumors;  this 
isoform  was  barely  discernible  in  c-myc  tumors.  This 
cyclin  E  isoform  may  thus  account  for  the  cytoplasmic 
staining  seen  in  tgfajc-myc  tumor  cells. 

Expression  of  cdk4,  cyclin  D3,  and  cdk2 

Many  cells  in  the  mammary  epithelium  from  non- 
transgenic  mice  and  from  c-myc,  tgfa,  and  tgfajc-myc 
animals  were  positive  for  cdk4  by  immunohistochem¬ 
ical  staining.  In  c-myc  tumors,  cdk4  positive  cells  were 
observed  both  in  the  cyclin  Dl -positive  foci  and  in  the 
major  areas  that  were  cyclin  Dl -negative,  but  the 
staining  intensity  was  stronger  in  many  cells  within  the 
foci  (Figure  3i).  No  obvious  dilferences  in  the  staining 
were  observed  between  c-myc  tumors  and  tgfajc-myc 
tumors  (Table  1).  Similar  immunohistochemical  data 
were  obtained  for  cyclin  D3  (Table  1).  Western  blot 
analyses  also  detected  the  cdk4  and  cyclin  D3  proteins 
in  these  tumors  and  in  mammary  tissues  from  non- 
transgenic  or  various  transgenic  animals  (Figure  5). 

Immunohistochemical  staining  for  cdk2  did  not 
reveal  differences  among  various  mammary  tissues 
and  tumors.  In  c-myc  tumors,  both  the  major  areas 
and  the  specific  foci  showed  similar  staining  intensity 
(Table  1).  Western  blot  assay  for  cdk2  detected  both 
cdk2a  at  ~  34  kD  and  cdk2^  at  ~  39  kD,  respectively 
(Kwon  et  al.,  1998;  Kotani  et  al.,  1995;  Noguchi  et  al, 
1993).  In  mouse,  rat  and  hamster,  the  cdklf  is  an 
alternate  RNA  splicing  form  of  cdk2a,  the  classic  cdk2, 
with  an  insert  of  48  amino  acids  between  amino  acids 
196  and  197  of  cdk2a.  The  cdk2a  isoform  occurred  as  a 
single  band  in  normal  and  hyperplastic  mammary 
tissue,  as  well  as  in  tumors,  and  was  thus  likely  to  be 
the  inactivated,  unphosphorylated  form  (Gu  et  al., 
1992;  Planas-Silva  et  al.,  1997).  Cdklf,  on  the  other 
hand,  was  present  mainly  as  the  phosphorylated, 
activated,  faster-migrating  form  (Gu  et  al.,  1992; 
Planas-Silva  et  al.,  1997)  in  c-myc  and  tgfajc-myc 
tumors,  but  it  occurred  mainly  as  the  inactivated, 
unphosphorylated  slower-migrating  band  in  normal 
and  hyperplastic  mammary  tissues  (Figure  5). 

Expression  of  cdk  inhibitors 

Immunohistochemical  staining  for  pi 6  and  p21  did  not 
show  pronounced  differences  between  c-myc  tumors 
and  tgfajc-myc  tumors,  and  between  the  tumor  foci 
and  their  surrounding  areas  in  the  c-myc  tumors  (Table 
1).  Western  blot  analyses  of  these  two  cdk  inhibitors 
did  not  detect  differences  between  c-myc  tumors  and 
tgfajc-myc  tumors  (data  not  shown).  However,  the 
levels  of  p27  were  higher  in  tgfajc-myc  tumors  than  in 
c-myc  tumors,  as  measured  by  both  immunohistochem¬ 
ical  and  Western  blot  analyses  (Table  1  and  Figure  5). 

Expression  of  pRB  protein 

Protein  levels  of  pRB  varied  among  tumor  samples  but 
they  were  generally  higher  in  c-myc  than  in  tgfajc-myc 
tumors;  pRB  levels  in  some  representative  samples  are 
shown  in  Figure  7.  The  pRB  protein  was  detectable  by 
Western  blot  in  all  ten  c-myc  tumors  studied;  however, 
it  was  present  in  only  two  of  eight  tgfajc-myc  tumors. 
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pRB  was  present  mainly  as  the  hypophosphorylated 
form  (Ezhevsky  et  al,  1997).  The  faster-migrating, 
unphosphorylated  band  ic-myc  tumor  samples  1  and  4 
in  Figure  6)  and  its  slower-migrating,  hyperpho- 
sphorylated  band  of  pRB  {c-myc  tumor  samples  1 
and  2  in  Figure  6)  could  be  discerned  faintly  in  some 
samples,  when  the  autography  was  exposed  for  such  a 
short  time  that  signals  could  not  be  detected  in  other 
samples.  Two  different  pRB  monoclonal  antibodies 
(pRB14001A  and  pRB245)  gave  the  same  results  by 
Western  blot.  However,  immunohistochemical  staining 
was  not  successful  with  either  of  these  antibodies. 

RT-PCR  analysis  was  carried  out  for  four  tg/a/c- 
myc  tumors  and  for  three  c-myc  tumors,  where  a 
sufficient  amount  of  tissue  was  available  for  RNA 
preparation.  As  shown  in  Figure  8,  the  Rb  cDNA  was 
detected  in  all  three  c-myc  tumors  and  in  the  two  tgfaj 
c-myc  tumors  that  also  showed  detectable  levels  of 
pRB  protein  (Figure  7,  samples  2  and  5),  but  not  in  the 
other  two  tgfajc-myc  tumors.  The  failure  of  the  cDNA 
amplification  in  these  two  tumors  was  not  due  to  a 
technical  problem,  since  GAPDH  cDNA,  included  as 
an  internal  control,  was  amplified  normally  (Figure  8). 


Discussion 

In  this  study  we  show  that  in  c-myc  transgenic  mice, 
expression  of  cyclin  A2  and  E2F1  co-localizes  with  that 
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Figure  7  Western  blot  analysis  of  pRB.  Eighty  /rg  protein 
samples  from  hyperplastic  mammary  tissue  were  pooled  equally 
from  three  individual  c-myc  animals  (ntyc-MG)  and  from  six 
individual  c-myc  tumors  or  tgfajc-myc  tumors  and  were  loaded 
into  the  gel.  Levels  of  the  pRB  at  ~  1 10  kD  were  generally  higher 
in  c-myc  tumors  than  in  tgfx/c-myc  tumors.  Two  additional 
proteins  at  ~66  kD  and  ~55  kD  were  also  recognized  by 
(pRB14001A),  levels  of  which  were  also  slightly  lower  in  some 
tgfy-lc-myc  tumors  than  in  c-myc  tumors 

myc  tumor  tgfix/myc  tumor 
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Figure  8  RT-PCR  analysis  of  expression  of  Rb  mRNA  and 
GAPDH.  Total  RNA  samples  from  three  c-myc  tumors  and  four 
tgfyjc-myc  tumors  were  reverse-transcribed  (RT),  and  the  cDNA 
products  were  amplified  by  PCR,  using  the  second  pair  of  the 
primers  described  in  Materials  and  methods.  Note  that  two  fg/ix/ 
c-myc  tumors  lack  detectable  expression  of  the  Rb  mRNA,  while 
the  GAPDH  mRNA  was  expressed  normally 
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of  c-myc  in  hyperplastic  mammary  gland  and  in 
primary  mammary  tumors.  Thus,  we  propose  that 
these  two  genes  may  be  induced  either  directly  or 
indirectly  by  c-Myc  to  mediate  the  tumor  onset.  In 
support  of  this  hypothesis,  overexpression  of  cyclin  A2 
or  E2F1  has  been  shown  to  directly  facilitate 
transformation  of  cultured  cells  and  to  cause  tumor- 
igenesis  in  animals  (Desdouets  et  al.,  1995;  Amati  et 
al.,  1998).  Overexpression  of  each  of  these  proteins  has 
been  reported  in  the  pre-malignant  liver  tissue  and 
spontaneous  liver  tumors  in  c-myc  transgenic  mice 
(Santoni-Rugiu  et  al.,  1998).  Transfection  of  fibroblasts 
with  c-myc  has  also  been  shown  to  induce  e2f\,  which 
is  independent  of  pRB  phosphorylation  (Leone  et  al., 

1997),  indicating  that  this  effect  may  result  directly 
from  increased  E2F1  protein,  a  short-cut  mechanism 
that  bypasses  the  cyclin-cdk-pRB  pathway.  In  addition, 
since  in  c-myc  tumors  pRB  is  mainly  in  the  hypopho¬ 
sphorylated  state  and  presumably  binds  to  and 
inactivates  a  portion  of  increased  E2F1,  cyclin  A2 
may  be  a  more  active  element  than  E2F1  in  cell 
proliferation  and  transformation.  The  short-cut  me¬ 
chanism  and  the  rise  of  cyclin  A2,  which  acts  later  in 
the  cell  cycle  than  cyclins  D1  and  E,  may  partly  explain 
why  overexpression  of  cyclins  D1  and  E  does  not  occur 
in  the  majority  of  hyperplasia  and  primary  tumor  cells. 

The  observation  of  a  reciprocal  expression  of  c-myc 
and  cyclin  D1  in  c-myc  tumors  is  the  first  evidence  in 
vivo  that  favors,  but  does  not  prove,  the  concept  that 
constant  expression  of  c-Myc  may  suppress  expression 
of  cyclin  Dl.  Several  studies  have  shown  that  stable 
expression  of  cyclin  Dl,  such  as  in  mammary  epithelial 
cells,  paradoxically  shortens  the  G1  phase  and  pro¬ 
longs  the  S  phase,  while  inhibiting  growth  and 
transformation  to  a  malignant  phenotype  as  the  net 
consequence  (Han  et  al,  1995;  Quelle  et  al,  1993; 

Philipp  et  al.,  1994).  Thus,  it  cannot  be  excluded  that  c- 
Myc  suppresses  expression  of  cyclin  Dl  in  order  to 
ensure  a  quicker  completion  of  the  cell  division  cycle 
and  a  more  rapid  onset  of  malignant  transformation 
(Marhin  et  al.,  1996).  However,  once  a  tumor  is 
formed,  overexpression  of  cyclin  Dl  may  be  of 
selective  value  for  its  further  progression  to  more 
aggressive  phenotypes;  a  drop  in  the  level  of  c-Myc 
could  potentially  facilitate  release  of  repression  of 
cyclin  Dl,  while  simultaneously  decreasing  c-Myc- 
induced  apoptosis.  This  conjecture  is  supported  by 
the  decreased  TUNEL  labeling  index  in  the  progressed 
foci  within  primary  c-myc  tumors.  This  progression 
hypothesis  (Figure  9)  may  explain  why  cyclin  Dl- 
positive  cells  are  not  seen  in  the  hyperplastic  lesions 
and  in  small  tumors,  but  instead  they  occur  in  the  foci 
within  established  c-myc  tumors  in  association  with 
enhanced  staining  of  PCNA. 

It  should  be  noted  that  in  human  breast  cancer 
samples,  cyclin  Dl  overexpression  is  associated  with 
immunohistochemical  positivity  for  estrogen  receptor 
(ER)  (Barnes  et  al.,  1998).  Interestingly,  although  ER 
positivity  is,  in  general,  considered  a  good  prognostic 
marker,  those  ER  positive  cells  that  concomitantly 
overexpress  cyclin  Dl  can  continue  to  proliferate  in  the 
presence  of  anti-estrogens  (Wilcken  et  al.,  1997). 
Although  initially  paradoxical,  this  is  now  not 
surprising,  as  cyclin  Dl  is  known  to  form  a  direct 
complex  with  ER,  allowing  the  complex  to  activate 
transcription  without  the  need  for  estrogen  (Neuman  et 
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Figure  9  Illustration  of  hypothesis.  In  c-myc  transgenic  mice,  constant  overexpression  of  c-Myc  protein  in  mammary  epithelial 
cells  directly  or  indirectly  induces  accumulation  of  E2F1  and  cyclin  A2  (A)  to  mediate  tumor  onset  (upper  panel).  While  the 
developing  tumor  continues  to  progress,  a  decrease  in  c-Myc  expression  occurs  in  some  tumor  cells,  resulting  in  decreased  apoptosis 
and  in  the  overexpression  of  cyclin  D1  (D).  Cyclin  E  (E)  overexpression  is  also  triggered  through  an  unknown  mechanism.  Each  of 
these  specific  tumor  cells  then  proliferates  more  aggressively  to  form  a  focus  with  distinct  morphology.  In  the  epithelial  cells  from 
Igfxic-myc  dual  transgenic  mice  (lower  panel),  TGFa  (a)  induces  overexpression  of  cyclin  D1  and  cooperates  with  c-Myc  to  induce 
overexpression  of  cyclin  E  and  sporadic  loss  of  pRB.  These  effects,  together  with  the  c-Myc-induced  elevation  of  E2F1  and  cyclin 
A2,  elicit  early  onset  of  very  aggressive  tumor  phenotypes  in  the  bi-transgenic  model 


al.,  1997).  These  observations,  together  with  our 
progression  hypothesis,  may  partly  explain  why  about 
one-third  of  the  ER-positive  cases  are  refractory  to 
antiestrogen  therapy,  why  most  of  those  who  originally 
respond  to  antiestrogen  later  develop  antiestrogen 
resistance  (Lykkesfeldt,  1996),  and  why  amplification 
of  cyclin  D1  is  associated  with  early  relapse  in  patients 
with  ER-positive  breast  cancer  (Seshadri  et  al.,  1996). 

In  contrast  to  c-myc  animals,  in  tgfa  and  tgfajc-myc 
mice,  overexpression  of  cyclin  D1  is  initially  observed 
in  the  atypical  hyperplastic  mammary  epithelium, 
indicating  that  cyclin  D1  is  induced  by  TGFa  prior 
to  the  tumor  onset.  In  tgfajc-myc  mice,  this  TGFa- 
induced  cyclin  D1  may  have  a  twofold  functionality 
(Figure  9).  First,  it  may  facilitate  the  early  events 
(initiation  and/or  promotion)  of  the  carcinogenic 
process,  resulting  in  an  earlier  onset  of  tumors,  when 
compared  to  single  transgenic  c-myc  mice  (Figure  9). 
Second,  it  may  also  contribute  to  the  formation  of  a 
much  faster-growing  tumor  phenotype,  similar  to  what 
is  discerned  in  the  cyclin  D1 -positive  foci  within  c-myc 
tumors.  Moreover,  in  tgfajc-myc  mice  the  effect  of 
TGFa  on  induction  of  cyclin  D1  seems  to  override  the 
suppression  of  cyclin  D1  by  c-Myc.  This  implies  that 
TGFa  and  c-Myc  may  each  regulate  cyclin  D1  as  one 
step  of  their  signaling  pathways,  and  that  cyclin  D1 
serves  a  pivotal  role  that  links  these  two  separate 
pathways.  Cyclin  D3  may  not  share  this  crucial 
property,  as  it  is  expressed  not  only  in  the  tumor  foci 
but  also  in  the  major  tumor  areas. 

Expression  of  cyclin  E  in  c-myc  tumors  is  also 
reciprocal  to  that  of  c-Myc.  This  is  surprising,  as 
suppression  of  cyclin  E  by  c-Myc  has  not  been  reported, 
and  relevant  literature  suggests  that  c-Myc  can  activate 


expression  of  cyclin  E  in  vitro  (Amati  et  al.,  1998;  Obaya 
et  al.,  1999).  Several  studies  have  suggested  that  cyclin 
Dl/cdk4  should  be  activated  prior  to  the  onset  of  cyclin 
E/cdk2  activity  in  order  to  ensure  an  orderly  transition  to 
S  phase  (Obaya  et  al,  1999;  Prall  et  al.,  1998).  Thus,  it  is 
possible  that  the  lack  of  a  sufficient  amount  of  cyclin  D1 
may  hamper  the  expression  of  cyclin  E.  It  is  even  possible 
that  prevention  of  expression  of  cyclin  E  may  facilitate 
the  cell  growth  during  the  early  stages  of  the  carcinogenic 
process  in  c-myc  animals,  as  it  has  been  shown  that  stable 
overexpression  of  cyclin  E,  rendered  by  cDNA  transfec¬ 
tion,  inhibits  growth  of  mammary  epithelial  cells 
(Sgambato  et  al.,  1996).  However,  similar  to  what  we 
have  discussed  for  cyclin  Dl,  once  a  tumor  is  formed, 
cyclin  E  overexpression  may  be  required  for  its  further 
progression  to  more  aggressive  phenotypes  (Figure  9),  as 
suggested  by  the  observation  that  cyclin  E-positive  cells 
show  a  trend  for  more  rapid  proliferation  and  for 
penetration  into  their  adjacent  tumor  areas.  Additional 
support  for  this  hypothesis  is  provided  by  the  observa¬ 
tion  that  the  more-aggressive  tgfajc-myc  tumors  exhibit 
overexpression  of  cyclin  E  as  well.  The  overexpression  of 
cyclin  E  may  result  from  a  synergy  between  TGFa  and  c- 
Myc,  because  expression  of  cyclin  E  is  not  pronounced  in 
the  hyperplastic  epithelium  from  either  tgfa  or  c-myc 
animals.  This  hypothesis  is  consistent  with  the  observa¬ 
tion  in  human  breast  cancer,  that  overexpression  of 
cyclin  E  is  correlated  with  increased  tumor  grade 
(Nielsen  et  al.,  1996;  Keyomarsi,  et  al,  1994).  Moreover, 
a  well-known,  but  mechanistically-unclear  phenomenon 
is  that  overexpression  of  the  c-myc  gene  alone  is 
insufficient  for  transformation  of  most  types  of  cells 
either  in  vitro  or  in  vivo;  cooperation  of  c-myc  with 
growth  factors  (like  TGFa)  or  some  oncogenes  (such  as 
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ras)  greatly  enhances  its  transforming  efficacy  (Valverius 
ef  al.,  1990;  Schmidt,  1999;  Facchini  et  al.,  1998;  Amati  et 
al.,  1998;  Dang,  1999;  Nass  et  al.,  1997).  The  reciprocal 
expression  of  c-Myc  and  cyclins  D1  and  E  in  c-myc 
tumors  and  the  co-expression  of  these  genes  in  tgfajc- 
myc  tumors  raise  the  possibility  that  one  role  of  these 
additional  factors  may  be  to  rescue  the  expression  of 
cyclin  D1  and/or  cyclin  E.  Overexpression  of  these 
cyclins  may  be  beneficial  for  the  transformation,  but  it 
may  be  hampered  because  of  constantly  high  levels  of 
c-Myc. 

Our  transgenic  models  reveal,  for  the  first  time,  that 
cdk2jS,  but  not  cdk2a,  occurs  as  the  faster-migrating 
phosphorylated  form  (Gu  et  al.,  1992;  Planas-Silva  et 
al.,  1997)  in  a  primary  tumor  tissue.  Little  is  known 
about  functions  of  cdk2)3.  Its  expression  has  been 
shown  to  peak  at  S  phase  and  decrease  significantly  at 
early  G2  phase,  in  contrast  to  the  expression  of  cdk2a, 
which  usually  shows  little  change  through  the  entire 
cell  cycle  (Kotani  et  al.,  1995).  Thus,  it  cannot  be  ruled 
out  in  c-myc  and  tgfajc-myc  tumors,  that  the 
predominant  partner  of  cyclins  A2  and  E  during  S 
phase  may  be  cdk2jS. 

Levels  of  the  pRB  protein  are  greatly  decreased  in 
the  majority  of  tgfajc-myc  tumors,  relative  to  c-myc 
tumors.  This  may  occur  at  the  mRNA  level  in  some 
cases,  as  shown  by  RT-PCR  analysis.  For  those  tgfaj 
c-myc  tumors  in  which  the  Rb  mRNA  and  protein  are 
detected,  it  is  not  yet  clear  if  the  expression  is 
contributed  by  the  tumor  cells  or  by  the  proliferating 
stromal  cells  within  the  tumors.  Regardless  of  the 
mechanism,  loss  of  pRB  protein  may  be  one  of  the 
major  reasons  why  mammary  tumors  in  double 
transgenic  mice  develop  at  such  early  ages  and  grow 
at  such  a  rapid  rate,  given  the  fact  that  pRB  is  a  potent 
tumor  suppressor  and  growth  inhibitor.  The  loss  of 
pRB  in  bi-transgenic  tumors  may  be  due  to  a  synergy 
between  c-Myc  and  TGFa,  rather  than  an  effect  of 
TGFa  alone,  since  tgfa  mice  do  not  develop  tumors. 
This  implies  that  like  cyclin  Dl,  pRB  also  links  the  c- 
Myc-  and  TGFa  signaling  pathways  in  control  of  cell 
cycle  progression.  However,  cooperation  between  c- 
Myc  and  TGFa  through  cyclin  Dl  and  pRB  may  be 
mechanistically  different,  since  TGFa  antagonizes  the 
effect  of  c-Myc  on  cyclin  Dl  expression  but  appears  to 
promote  the  effect  of  c-Myc  on  the  attenuation  of 
expression  of  pRB,  as  the  pRB  levels  in  some  c-myc 
tumors  are  also  low. 

In  conclusion,  c-Myc  may  induce,  directly  or  indir¬ 
ectly,  expression  of  cyclin  A2  and  E2F1  as  primary 
events  to  mediate  the  onset  of  mammary  tumors  in  c-myc 
transgenic  mice.  In  contrast,  overexpression  of  cyclins 
Dl  and  E  may  occur  as  later  events  to  facilitate 
progression  of  focal  islands  within  the  c-myc  tumors  to 
more  aggressive  phenotypes.  Similarly,  by  using  bi- 
transgenic  mice,  we  concluded  that  TGFa  induces  cyclin 
Dl  and  facilitates  the  loss  of  pRB.  These  TGFa- 
mediated  effects  may  have  a  threefold  consequence  in 
the  mammary  carcinogenesis  of  tgfajc-myc  bi-transgenic 
animals,  relative  to  c-myc  mice;  a  much  earlier  tumor 
onset,  a  higher  tumor  frequency,  and  the  formation  of  a 
much  more  aggressive  tumor  phenotype.  Thus,  during 
mouse  mammary  carcinogenesis  in  bi-transgenic  ani¬ 
mals,  TGFa  and  c-myc  cooperate  to  control  the  cell  cycle 
progression,  in  particular,  at  the  levels  of  cyclin  Dl  and 
pRB. 


Tissue  collections 

MT-tgfa,  MMTW-c-myc,  and  MT-tgfajMMlN -c-myc  single 
or  double  transgenic  mice  were  generated,  housed,  and 
genotyped  as  described  previously  (Amundadottir  et  al., 
1995).  Tissue  materials  used  were  from  the  previously 
reported  studies  (Amundadottir  et  al.,  1995),  with  additional 
animal  experiments  carried  out  in  the  same  way.  Briefly, 
virgin  female  MMTV-c-myc  or  MT-Zg/ix  single  transgenic 
mice  were  sacrificed  at  ages  of  10-12  months,  together  with 
age-matched,  non-transgenic  mice  of  the  parental  strain 
(FVB).  MT-Zg/ix/MMTV-c-wyc  double  transgenic  mice  were 
sacrificed  at  ages  of  3-6  months,  together  with  five  age- 
matched,  non-transgenic  animals  as  control.  Mammary  or 
tumor  tissues  harvested  from  the  animals  were  either  stored 
at  —  80°C  or  fixed  with  10%  buffered  formalin  and  embedded 
in  paraffin. 


The  terminal  deoxynuycleotidyl  transferase  (TdT)  mediated 
digoxigenin-dUTP  nick  end  labeling  (TUNEL)  method  was 
carried  out  using  a  kit  from  Trevigen  Inc.,  Gaithersburg, 
MD,  USA.  Paraffin  sections  were  labeled  with  TdT  and 
biotin-labeled  dNTP,  and  were  incubated  with  peroxidase- 
conjugated  Streptavidin,  according  to  the  manufacturer’s 
instructions.  The  signal  was  visualized  by  exposure  to 
diaminobenzidine  and  H2O2,  followed  by  counter-staining 
with  hematoxylin. 


Paraffin  sections  were  hybridized  overnight  at  60°C  with 
riboprobes,  transcribed  from  the  antisense  or  sense  strands  of 
the  cDNAs  and  labeled  with  digoxigenin-conjugated  UTP,  as 
described  previously  (Li  et  al.,  1999).  The  sections  were  then 
incubated  with  an  antibody  against  digoxigenin,  followed  by 
incubation  with  a  second  antibody  conjugated  to  alkaline 
phosphatase.  The  signal  was  visualized  by  color  development 
with  5-bromo-4-chloro-3-indolyl  phosphate  and  nitroblue 
tetrazolium.  All  reagents  were  purchased  from  Boehringer 
Mannheim,  Indianapolis,  IN,  USA.  A  1.4  kb  mouse  c-myc 
cDNA  and  a  0.9  kb  mouse  elf  cDNA  (ATCC,  Manassas, 
VA,  USA)  were  used  for  labeling  of  the  riboprobes.  To 
control  the  signal  specificity,  two  serial  sections  were 
mounted  on  the  same  slide  for  hybridization  with  antisense 
and  sense  probes,  respectively.  A  serial  selection  was  also 
pretreated  with  RNase  A  and  then  post-fixed  with  4% 
formaldehyde  to  denature  the  RNase  before  hybridization 
with  antisense  probe. 


Ten  gg  of  total  RNA  per  sample  were  loaded  and  electro- 
fractionated  in  an  agarose  gel  containing  formaldehyde. 
Roughly  equal  loading  of  lanes  and  RNA  integrity  were 
confirmed  by  staining  the  gel  with  ethidium  bromide.  The 
separated  RNA  was  transferred  to  nitrocellulose  membranes 
and  hybridized  with  an  elf  antisense  riboprobe,  synthesized 
from  the  same  cDNA  as  used  for  in  situ  hybridization,  and 
labeled  with  ^-P-ATP  (Amersham  Life  Science,  Inc., 
Arlington  Heights,  IL,  USA).  After  washes  with  SSC  buffers, 
the  membrane  was  subjected  to  autoradiography. 


Total  RNA  was  reverse-transcribed  and  then  amplified  using 
the  RT-PCR  kit  from  GIBCO/BRL,  Rockville,  MD,  USA. 
The  conditions  for  the  PCR  amplification  were  as  follows;  3- 
min  hot  start  at  95“C,  followed  by  35  cycles  of  1  min  at  94°C, 
1  min  at  54''C,  and  2  min  at  72°C.  The  two  pairs  of  forward/ 
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reverse  PCR  primers  for  the  Rb  gene  were  209-229  bp/ 
1110-985  pb  and  1014-1041  pb/2857-2833  pb,  which  over¬ 
lap  to  span  most  part  of  the  mouse  Rb  mRNA  (Bernards  et 
al.,  1989).  As  an  internal  control,  mouse  glyceraldehyde-3- 
phosphate  dehydrogenase  (GAPDH)  cDNA  was  also  ampli¬ 
fied  by  PCR  under  the  same  conditions.  The  forward  and 
reverse  primers  were  819-837  pb  and  1228-1207  bp,  respec¬ 
tively,  of  the  mouse  GAPDH  cDNA  sequence  (Sabath  et  al., 
1990). 

IVe.'itern  blot  analysis 

Methods  for  preparation  of  protein  samples  and  for  Western 
blotting  were  described  previously  (Liao  et  al.,  1998).  Protein 
aliquots  (20-80  pg  per  lane)  were  electro-fractionated  on 
SDS-PAGE.  Roughly  equal  loading  was  confirmed  by 
staining  the  gel  with  Coomassie  blue.  One  primary  pRB 
antibody  (14001  A)  was  purchased  from  Pharmigen,  San 
Diego,  CA,  USA  and  another  (pRB245)  was  a  generous  gift 
from  Dr  W-H  Lee  (see  Acknowledgements).  The  PCNA 
primary  antibody  (PC  10)  was  purchased  from  Oncogene 
Research  Product  Inc.,  Cambridge,  MA,  USA.  All  other 
primary  antibodies  were  purchased  from  Santa  Cruz  Biotech. 
Inc.  (Santa  Cruz,  CA,  USA):  c-Myc  (C19),  E2F1  (C20  and 
KH95),  cyclin  A  (Cl 9),  cyclin  E  (M-20),  cyclin  D1  (C20), 
cyclin  D3  (Cl 6),  cdk2  (M20),  cdk4  (C22),  pl6  (Ml 56  and 
F12),  p21  (Ml 9  and  F5),  and  p27  (Cl 9  and  N19).  For  all 
primary  antibodies  from  Santa  Cruz  Biotech.  Inc.,  where 
specific  blocking  peptides  were  available,  in  a  parallel 
Western  blot  assay  the  antibody  was  incubated  with  fivefold 
excess  (by  weight)  of  the  corresponding  blocking  peptide  to 
neutralize  the  antibody  before  applied  to  the  membrane.  The 
pre-neutralized  antibody  sample  did  not  give  rise  to  the 
specific  signals  at  correct  molecular  weights,  demonstrating 
the  specificity  of  the  primary  antibodies. 

Immimohistochemica!  staining 

A  peroxidase-anti-peroxidase  (PAP)  method  was  used  as 
described  previously  (Liao  et  al.,  1998).  The  primary 
antibodies  were  the  same  as  used  for  Western  blot  analyses. 
For  all  primary  antibodies  purchased  from  Santa  Cruz 
Biotech.  Inc.  (Santa  Cruz,  CA,  USA),  where  blocking 
peptides  were  available,  in  one  staining  with  a  serial  section, 
the  primary  antibody  was  incubated  with  fivefold  excess  (by 
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weight)  of  its  blocking  peptide  for  2  h  to  neutralize  the 
antibody  before  application  to  the  section.  The  pre¬ 
neutralized  primary  antibody  did  not  give  rise  to  signal, 
demonstrating  that  the  signal  given  by  the  primary  antibody 
was  specific. 

Labeling  index 

Labeling  indices  for  TUNEL  and  PCNA  staining  were 
determined  for  tumors  from  tgfajc-myc  mice  and  for  specific 
tumor  foci  and  their  adjacent  tumor  areas  from  c-myc 
animals.  Since  cells  in  the  G1  phase  of  the  cell  cycle  manifest 
weak  nuclear  staining  for  PCNA,  in  strong  contrast  to  the 
intense  nuclear  staining  of  cells  in  S  phase  (Eldrige  et  al., 
1993),  only  those  cells  displaying  strong  nuclear  staining  were 
counted.  Four  tgfajc-myc  tumors  plus  six  foci  and  their 
adjacent  tumor  areas  from  different  individual  animals  were 
counted.  For  each  tumor  or  focus,  three  randomly  selected 
areas,  about  600  tumor  cells  per  area,  were  counted.  The 
percentage  of  labeled  cells  was  calculated  and  presented  as 
mean  +  s.d.  The  yf  test  of  independence  for  an  rxc 
contingency  table  was  used  for  the  statistical  analysis. 
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Introduction 

Ever  since  Bishop  and  his  co-workers  discovered  the  c-myc 
gene  in  the  late  1970s  (Bishop  1982),  voluminous  literature 
has  documented  its  central  role  in  proliferation  and  malignant 
transformation  of  human  and  animal  cells  (Amati  et  al.  1998, 
Bouchard  et  al.  1998,  Dang  et  al.  1999).  Most,  if  not  all, 
types  of  human  malignancy  have  been  reported  to  have 
amplification  and/or  overexpression  of  this  gene,  although 
the  frequency  of  these  alterations  varies  greatly  among 
different  reports  (Nesbit  et  al.  1999).  In  1992,  researchers 
started  to  realize  that  aberrant  expression  of  c-myc  could 
cause  apoptosis  (Evan  et  al.  1992,  Shi  et  al.  1992),  although 
the  phenomenon  had  actually  been  observed  much  earlier 
(Wurm  et  al.  1986).  Studies  in  recent  years  have  further 
shown  that  the  c-myc  gene  regulates  growth,  both  in  the 
sense  of  cell  size  and  in  the  context  of  tissue  differentiation 
(Gandarillas  &  Watt  1997,  Iritani  &  Eisenman  1999, 
Johnston  et  al.  1999,  Schmidt  1999,  Schuhmacher  et  al. 
1999).  Thus,  it  is  now  known  that  the  c-myc  gene  participates 
in  most  aspects  of  cellular  function,  including  replication, 
growth,  metabolism,  differentiation,  and  apoptosis 
(Packham  &  Cleveland  1995,  Hoffman  &  Liebermann  1998, 
Dang  1999,  Dang  et  al.  1999,  Elend  &  Eilers  1999, 
Prendergast  1999).  How  the  c-Myc  protein  may  be 
specifically  directed  to  perform  one,  but  not  the  others,  of 
these  functions  is  still  obscure,  despite  the  fact  that  the 
relevant  literature  has  been  accumulating  at  a  fast  pace  in  the 
past  two  decades.  This  review  focuses  on  the  profound  roles 
of  c-Myc  in  breast  cancer  and  in  the  actions  of  the  hormones 
that  are  eitologically  related  to  breast  cancer. 


The  c-myc  gene  and  c-Myc  proteins 

The  c-myc  gene  is  transcribed  to  three  major  transcripts  that 
start  from  different  initiating  sites  (Fig.  1),  yielding  three 
major  proteins  named  c-Mycl,  c-Myc2,  and  c-MycS 
(Henriksson  &  Luscher  1996,  Facchini  &  Penn  1998,  Xiao 
et  al.  1998).  c-Myc2  is  an  approximately  62-kDa  protein  that 
is  the  major  form  of  the  three  c-Myc  proteins  and  the  one 
referred  to  as  ‘c-Myc’  in  most  studies.  c-Mycl  arises  from 


an  alternative  initiation  site  at  an  in-frame,  non-AUG  codon, 
yielding  a  protein  2-4  kDa  larger  than  c-Myc2.  c-MycS 
arises  from  a  leaky  scanning  mechanism,  and  initiates  at  two 
closely  spaced  downstream  AUG  codons,  resulting  in  a 
protein  lacking  about  100  amino  acids  at  the  N-terminus  of 
c-Myc2  (Claassen  &  Hann  1999).  An  unusual  property  of  the 
c-myc  gene  that  is  often  neglected  by  investigators  is  that  the 
antisense  strand  of  the  gene  also  yields  transcripts  (Spicer  & 
Sonenshein  1992).  Therefore,  one  should  exert  caution  when 
using  antisense  expression  as  the  control  forjudging  the  level 
of  c-myc  mRNA. 

The  amino  terminus  of  each  full-length  c-Myc  protein 
(c-Mycl  and  c-Myc2)  harbors  a  transactivation  domain 
(TAD),  within  which  are  two  regions  that  are  highly 
conserved  among  members  of  the  Myc  family;  these  regions 
are  termed  Myc  homology  boxes  I  and  II  (MBI  and  MBII) 
(Fig.  1).  The  carboxyl  terminus  of  the  c-Myc  proteins 
contains  a  basic  region  and  a  helix-loop-helix/leucine  zipper 
(HLH/LZ)  domain.  Through  the  HLH/LZ  domain,  a  c-Myc 
protein  heterodimerizes  with  another  transcription  factor. 
Max;  the  c-Myc/Max  complex  then  binds  to  a  specific  DNA 
recognition  sequence,  the  so-called  E-box  element  that 
contains  a  central  CAC(G/A)TG  motif  (Henriksson  & 
Luscher  1996,  Amati  et  al.  1998,  Facchini  &  Penn  1998, 
Dang  1999).  Genes  containing  this  Myc  E-box  element  in 
their  regulatory  regions  may  be  c-Myc  targets,  and  thus 
subjected  to  transactivation  or  transrepression  by  the  c-Myc/ 
Max  complex  (Cole  &  McMahon  1999).  Within  the  TAD, 
the  MBI  has  been  shown  to  be  required  for  the 
transactivation  activities  of  c-Myc,  whereas  the  MBII  is 
needed  for  the  trans-suppression  activities  (Cole  & 
McMahon  1999,  Sakamuro  &  Prendergast  1999).  c-MycS 
lacks  the  MBI  but  still  retains  the  MBII  in  its  TAD;  this  may 
be  the  reason  why  c-MycS  is  deficient  for  transactivation  but 
retains  the  activity  of  trans-suppression  (Xiao  et  al.  1998, 
Sakamuro  &  Prendergast  1999).  Thus,  c-Mycl  and  c-Myc2 
can  both  activate  and  repress  transcription  of  specific  target 
genes,  whereas  c-MycS  can  only  repress  transcription  and 
can  thus  function  as  a  dominant-negative  inhibitor  of  certain 
(but  not  all)  activities  of  the  full-length  c-Myc  proteins  (Xiao 
et  al.  1998,  Sakamuro  &  Prendergast  1999). 
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Figure  1  Schematic  diagram  of  the  Myc  family  proteins.  Within  the  TAD  at  the 
N-terminus  there  are  two  myc  homology  boxes  {MBI  and  MBII)  which  are  conserved 
among  Myc  family  proteins.  At  the  C-terminus,  the  HLH/LZ  domain  links  to  the  basic 
region  (BR)  of  the  c-Myc  protein.  The  initiation  sites  of  the  three  c-Myc  proteins  are 
indicated. 


Under  normal  growth  conditions,  expression  of  c-Mycl 
and  c-Myc2  proteins  is  differentially  regulated  (Batsche  & 
Cremisi  1999).  In  cell  culture,  c-Myc2  is  synthesized  in 
growing  cells,  while  expression  of  c-Mycl  increases 
dramatically,  to  a  level  equal  to  or  greater  than  that  of 
c-Myc2  as  the  cells  approach  high  density  (Ryan  &  Bimie 
1996).  These  observations  lead  to  an  hypothesis  that  in  this 
context  c-Mycl  may  act  as  a  growth  inhibitor,  expression  of 
which  may  be  triggered  by  contact-inhibition  (Ryan  &  Bimie 
1996).  Regulation  of  c-MycS  is  much  less  known,  relative  to 
c-Mycl  and  c-Myc2.  It  has  been  shown  that  its  expression  is 
increased  to  the  levels  comparable  to  those  of  c-Myc2  during 
rapid  cell  growth,  and  constitutively  high  levels  of  c-MycS 
have  been  found  in  some  tumor  cell  lines  as  well  (Spotts  et 
al.  1997). 

Role  of  c-Myc  proteins  in  cell 
proliferation 

In  physiological  situations,  the  central  role  of  c-Myc  may  be 
its  promotion  of  cell  replication  in  response  to  extracellular 
signals,  by  driving  quiescent  cells  into  the  cell  cycle.  This 
function  was  originally  thought  to  be  elicited  mainly  via 
activation  of  transcription  of  those  c-Myc  target  genes  that 
are  positive  regulators  of  the  cell  cycle  (Amati  et  al.  1998), 
such  as  cyclins  Dl,  D2,  E  and  A,  cdk4,  e2f\,  e2fl,  cdc25A 
and  B,  etc.  (Barrett  et  al.  1995,  Amati  et  al.  1998,  Ben-Yosef 
et  al.  1998,  Dang  1999,  Dang  et  al.  1999).  However,  of  these 
putative  c-Myc  target  genes,  only  cdk4  (Hermeking  et  al. 
2000),  e2f2  (Sears  et  al.  1997),  and  cyclins  Dl  (Daksis  et  al. 
1994)  and  D2  (Perez-Roger  et  al.  1999)  seem  to  encompass  a 
Myc  E-box  element  in  their  regulatory  regions.  More 
confusingly,  several  in  vitro  studies  show  that  c-Myc  actually 


suppresses  the  transcription  of  the  cyclin  Dl  gene 
(Jansen-Durr  et  al.  1993,  Philipp  et  al.  1994).  One 
explanation  for  this  paradox  may  be  that  activation  of  most 
of  these  cell  cycle  components  by  c-Myc  may  be  by  indirect 
mechanisms.  Other  possibilities  include  the  involvement  of 
other  c-Myc  binding  proteins,  in  addition  to  Max 
(Sakamuro  &  Prendergast  1999).  Concurrent  binding  of  these 
proteins  may  redirect  the  Myc/Max  dimer  to  promoters  with 
non-canonical  E-box  elements,  or  may  stabilize  the  weak 
binding  of  the  Myc/Max  to  other  promoter  sites  (Claassen  & 
Hann  1999,  Sakamuro  &  Prendergast  1999).  TRRAP 
(TRansformation/tRanscription  domain  Associated  Protein) 
(McMahon  et  al.  1998),  BINl  (Box-dependent 
myc-INteracting  protein-1  or  Bridging  INtegrator-1)  (Elliott 
et  al.  1999),  and  BRCAl  (Wang  et  al.  1998)  are  examples 
of  such  c-Myc-binding  proteins.  TRRAP  seems  to  be 
required  for  Myc-mediated  transformation  (McMahon  et  al. 

1998) ,  whereas  BlNl  bound  to  c-Myc  inhibits  Myc-mediated 
transformation  (Elliott  et  al.  1999). 

In  principle,  promotion  of  cell  cycle  progression  by 
c-Myc  can  also  be  achieved  by  suppression  of  transcription 
of  growth  inhibitory  genes  (Alexandrow  &  Moses  1998). 
Examples  of  these  genes  include  gadd45  (Marhin  et  al. 
1997),  cdk  (cyclin-dependent  kinase)  inhibitors  p2B'^' 
(Mitchell  &  El-Deiry  1999,  Coller  et  al.  2000),  (Dang 

1999)  and  probably  also  p27'"'’''  (Amati  et  al.  1998, 
Donjerkovic  et  al.  1999,  Wu  et  al.  1999).  There  is  evidence 
that  under  certain  conditions  the  role  of  c-Myc  in  cell  cycle 
progression  may  require  only  its  activity  of 
trans-suppression,  not  that  of  transactivation  (Claassen  & 
Hann  1999).  For  instance,  c-MycS,  which  lacks  the 
transactivation  activity  but  retains  the  trans-suppression 
activity,  can  still  promote  proliferation  of  several  types  of 
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cells  in  culture  (Xiao  et  al.  1998).  Further,  it  has  been 
suggested  that  the  trans-suppression  may  actually  be  more 
important  for  cell  proliferation  than  the  transactivation 
(Claassen  &  Hann  1999),  although  this  h3^othesis  still 
requires  further  experimental  validation. 

Roles  of  c-Myc  in  transformation 

Transformation  of  a  cell  may  not  be  a  physiological  function 
of  c-Myc;  rather,  it  may  occur  only  when  c-Myc  is  aberrantly 
expressed  or  genetically  altered.  Although  transfection  of 
c-Myc  alone  transforms  Rati  cells,  as  measured  by  an 
anchorage-independent  growth  assay,  transformation  of  rat 
embryonic  fibroblasts  (REF)  or  certain  primary  cultured  cells 
by  c-Myc  requires  its  co-transfection  with  another  oncogene 
or  growth  factor  gene,  such  as  c-ms^  or  transforming  growth 
factor-a  {tgfd)  (Amati  et  al.  1998).  In  addition,  temporary 
overexpression  of  c-Myc  in  Rati  cells  has  been  shown  to 
induce  genetic  instability  (Felsher  &  Bishop  1999).  Since 
Rati  cells  are  immortalized,  it  is  generally  believed  that  this 
property  of  Rati  cells  contributes  to  their  unusual 
susceptibility  to  c-Myc-induced  transformation  and  genetic 
alteration.  Like  c-Myc2,  c-MycS  alone  is  able  to  transform 
Rati  cells.  Unlike  c-Myc2,  however,  c-MycS  cannot 
cooperate  with  c-ras"  to  transform  REF  (Xiao  et  al.  1998). 
Our  laboratory  has  also  found  that  c-MycS  fails  to  induce 
DNA  damage-induced  check-point  abrogation  (Sheen  & 
Dickson  2000).  One  explanation  for  these  results  is  that 
transformation  of  REF  by  c-mycic-ras  cotransfection  requires 
transactivation  of  certain  proliferation-related  genes  to 
immortalize  the  cells  as  the  priming  step  of  transformation. 
c-Myc2  can  induce  proliferation  of  both  REF  and  Rati, 
whereas  c-MycS  can  only  induce  proliferation  of  Rati  (Xiao 
et  al.  1998).  These  data  further  imply  that  some  genes 
required  for  the  replication  of  mortal  cells  may  not  be  needed 
for  the  replication  of  immortalized  cells,  and  that  activation 
of  these  genes  requires  transactivation  by  c-Myc2.  Perhaps 
the  ability  of  c-Myc2  to  immortalize  a  cell  is  required  to 
make  REF  cells  susceptible  to  transformation  by  c-ras“,  as 
c-ras''  has  been  shown  to  induce  senescence  (Serrano  et  al. 
1997).  Since  c-ras^  is  a  signaling  molecule  engaged  by  many 
growth  factors,  one  may  further  surmise  that  the  requirement 
of  co-transfection  with  growth  factor  genes  or  other 
oncogenes  may  also  be  due  to  the  requirement  of  activation 
of  proliferation-related  genes  for  immortalizing  the  cells.  It 
remains  to  be  determined  whether  the  c-Myc-induced  genetic 
instability  also  requires  its  transactivation  ability  and 
contributes  to  its  transformation  activities. 

The  role  of  c-Myc  in  transformation  may  be  directly 
related  to  its  regulation  of  expression  of  the  human 
telomerase  transcriptase  gene  (hTERT)  (Greenberg  et  al. 
1999),  since  telomerase  functions  to  immortalize  cells. 
Analysis  of  the  5'-flanking  sequence  of  hTERT  further 
reveals  that  transcription  of  this  gene  is  dependent  on  a 


proximal  181  bp  region  of  the  promoter,  which  is  essential 
for  its  transactivation  in  immortalized  and  cancer  cells  (Oh 
et  al.  1999).  This  promoter  region  contains  c-Myc  E-boxes 
and  GC-boxes  (the  consensus  binding  sequence  for  Spl),  and 
thus  presumably  is  responsible  for  the  observed  cooperation 
between  c-Myc  and  Spl  in  transcriptional  activation  of  the 
hTERT  gene  (Oh  et  al.  1999,  Kyo  et  al.  2000).  In  addition, 
estrogen  has  also  been  shown  to  activate  hTERT,  in  part  via 
its  activation  of  the  expression  of  c-Myc  (Kyo  et  al.  1999). 
On  the  other  hand,  hTERT  is  also  transcriptionally  repressed 
by  Mad  (Gunes  et  al.  2000,  Oh  et  al.  2000),  a  protein  that 
can  compete  with  c-Myc  in  binding  to  Max,  via  directly 
binding  to  the  hTERT  promoter.  Since  the  Max/Mad  complex 
acts  in  an  antagonistic  manner  to  c-Myc/Max-induced 
transactivation,  elevation  in  Mad  is  anticipated  to  suppress 
hTERT  expression  also  indirectly  by  decreasing  both  the 
abundance  of  the  c-Myc/Max  complex  and  the 
transactivation  activity  of  c-Myc/Max. 

Roles  of  c-Myc  in  apoptosis  and  their 
connection  to  carcinogenesis 

Two  sets  of  conflicting  phenomena  have  fi-equently  been 
reported  in  the  literature  pertaining  to  the  role  of  c-Myc  in 
apoptosis.  (1)  Constant  overexpression  of  c-Myc  by  the 
approaches  of  transfection,  viral-infection  or  transgenic 
animals  may  induce  apoptosis  (Packham  &  Cleveland  1995, 
Alarcon  et  al.  1996,  Hagiyama  et  al.  1999,  Prendergast 
1999),  usually  following  or  associated  with  cell  proliferation 
(Hoffman  &  Liebermann  1998),  whereas  cells  transfected 
with  c-myc  antisense  oligodeoxynucleotides  to  decrease  the 
c-myc  levels  become  resistant  to  apoptotic  stimulus  (Lee  et 
al.  1997).  (2)  A  decrease  in  c-Myc  levels  by  techniques  such 
as  an  antisense  approach  may  also  cause  apoptosis  of  certain 
tumor  tissues  or  tumor  cells  (Balaji  et  al.  1997,  Citro  et  al. 
1998,  Putney  et  al.  1999,  Wu  et  al.  1999),  or  may  increase 
the  sensitivity  of  the  cells  to  apoptotic  stimuli  (Kang  et  al. 
1996,  Rupnow  et  al.  1998,  Loffler  et  al.  1999).  In  addition, 
constant  overexpression  of  c-myc  has  also  been  shown  to 
reduce  sensitivity  to  UV-induced  apopotosis  (Waikel  et  al. 
1999).  These  conflicting  observations  suggest  that  c-Myc  is 
capable  of  both  inducing  and  suppressing  apoptosis.  To 
induce  a  tumor,  c-Myc  may  need  not  only  to  promote  cell 
proliferation  but  also  simultaneously  to  inhibit  its  tendency 
for  cell  death,  so  as  to  increase  the  cell  number  to  form  a 
tumor  mass  (Cory  et  al.  1999,  Lowe  &  Lin  2000).  Therefore, 
the  role  of  c-Myc  in  inhibiting  apoptosis  is  easily  connected 
to  its  tumorigenicity.  Whether  and  how  c-Myc-induced 
apoptosis  also  contributes  to  carcinogenesis  is  much  less 
clear,  although,  in  general,  apoptosis  is  suggested  to 
accelerate  cell  turnover  and  thus  facilitate  the  progression  of 
cells  to  more  and  more  malignant  phenotypes  during  the 
carcinogenic  process  (Vakkala  et  al.  1999).  A  puzzle  is  that, 
although  c-Myc  is  frequently  overexpressed  in  various  tumor 
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tissues  in  human  and  in  animals  under  spontaneous  or 
experimental  conditions,  little,  if  any,  evidence  has  shown 
that  the  apoptosis  appearing  in  these  tumors  is  related  to  the 
increased  levels  of  c-Myc. 

The  foundation  of  the  concept  of  ‘c-Myc- induction  of 
apoptosis’  is  built  mainly  on  the  systems  where  c-Myc 
expression  is  induced  in  a  constant  manner  by  approaches 
of  transfection,  viral-infection,  or  a  specific  promoter-driven 
c-myc  transgene,  while  the  expression  level  of  the 
endogenous  c-Myc  is  down-regulated  (Prendergast  1999, 
Packham  &  Cleveland  1995).  These  artificial  systems  are 
different  from  the  physiological  situation  in  which  c-Myc 
expression  arises  under  its  own  promoter,  specifically  during 
GO/Gl  transit  of  the  cell  cycle.  Perhaps  a  drop  in  the  levels 
of  c-Myc  later  in  the  cell  cycle  is  required  for  the  rise  of 
other  proliferation-related  genes,  such  as  G1  cyclins.  Thus,  a 
constantly  high  level  of  c-Myc  may  disrupt  the  cyclic  pattern 
of  expression  of  these  genes;  the  cell  may  then  be  signaled 
to  die.  Currently,  it  is  still  technically  impossible  to  test  this 
hypothesis,  since  it  is  impossible  to  Induce  c-Myc  transiently 
and  specifically  at  the  GO/Gl  transit.  Moreover,  in  the  in 
vivo  situation,  a  cell  that  has  already  proliferated  may  remain 
untransformed,  or  it  may  be  transformed  but  still  retain 
certain  critical  differentiated  features  such  as 
contact-inhibition.  Such  a  cell  may  be  terminated  through  an 
apoptotic  pathway  in  order  to  maintain  a  particular 
physiological  condition,  such  as  the  normal  size  of  the  organ. 
This  may  be  one  of  the  reasons  why  c-Myc-overexpressing 
cells,  which  usually  have  already  undergone  proliferation, 
may  commit  apoptosis. 

How  c-Myc  induces  apoptosis  is  still  unclear,  despite  the 
fact  that  many  apoptotic  pathways,  such  as  those  that  are 
p53-dependent  and  -independent,  have  been  suggested  by 
different  experimental  systems  (Packham  &  Cleveland  1995, 
Hagiyama  et  al.  1999,  Prendergast  1999,  Soengas  et  al. 
1999).  The  transactivation  domain  of  the  c-Myc  protein  has 
been  shown  recently  to  modulate  the  apoptosis  directly 
(Chang  et  al.  2000).  Another  study  shows  that  C-MycS 
retains  the  ability  to  induce  apoptosis  of  several  types  of 
cells,  and  the  MBll  of  c-MycS  is  needed  for  this  function 
(Xiao  et  al.  1998),  indicating  that  in  certain  situations 
c-Myc-induced  apoptosis  may  require  trans-suppression,  but 
not  transactivation,  of  c-Myc  proteins. 

The  c-myc  gene  in  human  breast  cancer 

As  shown  in  our  recent  meta-analysis  (Deming  et  al.  2000) 
and  in  Table  1  that  lists  the  most  references  found  by  search 
in  Medline,  a  range  of  1  to  94%,  15.5%  on  average,  of  breast 
cancer  biopsies  bear  c-myc  gene  amplification  of  threefold  or 
greater.  The  great  variation  in  the  frequencies  may  be 
attributed  to  the  low  sensitivity  of  some  methods  used  (Soini 
et  al.  1994),  the  tumor  grades  studied,  and  the  small  number 
of  cases  in  many  of  the  studies.  Early  diagnosis  of  many 


cases  may  be  another  reason,  as  the  gene  may  be  amplified 
during  both  early  and  late  stages  of  cancer  progression.  The 
reported  frequencies  of  overexpression  of  c-myc  are  also 
greatly  variable.  A  recent  report  reveals  that  only  about  22% 
of  the  tumor  cases  show  increased  c-myc  mRNA  expression, 
and  the  overexpression  was  rarely  due  to  the  gene 
amplification  (Bieche  et  al.  1999).  However,  several  other 
studies  (Table  1)  show  much  higher  percentages  of  breast 
cancer  cases  with  mRNA  overexpression  (Guerin  et  al.  1988, 
Mariani-Costantini  et  al.  1988,  Tervahauta  et  al.  1992,  Escot 
et  al.  1993,  Nagai  et  al.  1994,  Le  et  al.  1999).  Some  of  these 
studies  suggest  that  the  overexpressed  mRNA  might  be 
related  to  gene  amplification  (Mariani-Costantini  et  al.  1988). 
Since  most  of  these  mRNA  studies  were  carried  out  using 
Northern  blot,  dot  blot,  or  PCR-based  techniques  with  tissue 
lysates,  but  not  using  in  situ  hybridization,  the  increase  in  the 
expression  may  actually  be  assessed  with  great  bias.  This  is 
because  normal  breast  tissue  is  dominated  by  fat  tissue;  it 
differs  greatly  from  tumor  tissue  in  its  epithelial  cellularity, 
and  thus  is  not  a  rigorously  normal  counterpart  for 
comparisons  involving  mRNA  extraction. 

As  listed  in  Table  1,  many  studies  utilizing 
immunohistochemistry  show  that  about  50-100%  of  breast 
cancer  cases  have  increased  levels  of  c-Myc  proteins 
(Agnantis  et  al.  1992,  Pavelic  et  al.  \992a,b,  Saccani  et  al. 
1992,  Hehir  et  al.  1993,  Spaventi  et  al.  1994,  Pietilainen  et 
al.  1995).  In  one  of  those  reports,  95%  of  the  cases  show 
positive  staining  of  c-Myc  in  the  cytoplasm,  and  only  12% 
of  the  cases  reveal  either  nuclear  or  both  nuclear  and 
cytoplasmic  staining  (Pietilainen  et  al.  1995).  Other 
investigations  also  report  a  predominantly  cytoplasmic 
localization  of  c-Myc  proteins,  although  nuclear  localization 
is  also  observed  (Mizukami  et  al.  1991).  The  meaning  of  the 
cytoplasmic  localization  is  currently  unknown.  Regardless  of 
the  cellular  location  of  c-Myc,  it  seems  that  there  is  a  higher 
percentage  of  breast  cancer  cases  showing  aberrant  c-Myc 
protein  levels  than  the  percentage  with  the  gene 
amplification.  This  implies  that,  in  many  cases,  altered 
expression  or  altered  stability  of  the  mRNA  or  protein  may 
be  the  mechanism  for  the  increased  levels  of  c-Myc, 
consistent  with  the  initial  report  that  c-Myc  overexpression 
precedes  its  gene  amplification  and  plays  a  role  in 
amplification  of  multiple  other  genes  and  in  other 
chromosomal  instability  events  (Mai  1994,  Mai  et  al.  1996). 

In  breast  cancer,  amplification  of  c-myc  may  correlate 
positively  or  negatively  with  alterations  in  other  genes 
(Couijal  et  al.  1997,  Cuny  et  al.  2000).  The  amplification  of 
the  chromosomal  region  that  contains  the  c-myc  gene  has 
also  been  reported  to  contain,  apparently  through 
translocation  events,  the  p40  subunit  of  eukaryotic  translation 
initiation  factor  3  {elFi)  and  the  Her2  gene  (Nupponen  et  al. 
1999),  although  the  frequency  of  co-localization  of  these  two 
genes  in  a  common  amplicon  has  not  been  established 
(Deming  et  al.  2000).  Her2  (also  termed  erbb2)  is  a  gene  in 
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Table  1  Summary  of  the  amplification,  RNA  or  protein  expression  of  c-myc  in  human  breast  cancer 


Reference 

Methods 

Escot  et  al.  (1986) 

SN,NB 

Whittaker  et  al.  (1986) 

Dot-B 

Cline  et  al.  (1987) 

SB 

Spandidos  et  al.  (1987) 

IHC 

Varley  et  al.  (1987a) 

SB 

Varley  et  al.  (1987b) 

SB 

Biunno  et  al.  (1988) 

SB,NB,Slot-B 

Bonilla  et  al.  (1988) 

SB,NB 

Guerin  et  al.  (1988) 

SB,NB 

Mariani-Costantini  et  al.  (1988) 

ISH 

Morse  et  al.  (1988) 

SB 

Adnane  et  al.  (1989) 

SB 

Garcia  et  al.  (1989) 

SB 

Gutman  et  al.  (1989) 

SB 

Locker  et  at.  (1989) 

IHC 

Machotka  et  al.  (1989) 

SB 

Spandidos  et  al.  (1989a) 

ELISA 

Spandidos  et  al.  (1989b) 

IHC 

Tauchi  et  al.  (1989) 

IHC 

Tavassoli  et  al.  (1989) 

SB,Slot-B 

Tsuda  et  al.  (1989) 

Slot-B 

Walker  et  al.  (1989) 

ISH,IHC 

Guerin  et  al.  (1990) 

NB 

Meyers  et  al.  (1990) 

SB 

Tang  et  al.  (1990) 

SB 

Mizukami  et  al.  (1991) 

IHC 

Escot  et  al.  (1991) 

ISH 

Fukutomi  et  al.  (1991) 

IHC 

Le  Roy  et  al.  (1991) 

ISH 

Paterson  et  al.  (1991) 

Slot-B 

Pavelic  et  al.  (1991) 

IHC 

Tauchi  et  al.  (1991) 

IHC 

Tsuda  ef  a/.  (1991) 

Slot-B 

Agnantis  et  al.  (1992) 

IHC 

Bernsefa/.  (1992a) 

SB 

Bernsefa/.  (1992b) 

SB 

Bernsefa/.  (1992c) 

SB 

Bernsefa/.  (1992c/) 

SB 

Borg  ef  al.  (1992) 

SB,Slot-B 

Pavelic  ef  al.  (1992a) 

IHC 

Pavelic  ef  a/.  (1992b) 

IHC 

Roux-Dosseto  ef  al.  (1992) 

SB 

Saccani  ef  al.  (1992) 

IHC 

Tervahauta  et  al.  (1992) 

PCR,ISH,IHC 

Bootsma  ef  al.  (1993) 

SB 

Escot  ef  al.  (1993) 

ISH 

Gaffey  ef  al.  (1993) 

SB 

Hehir  ef  al.  (1993) 

IHC 

Henry  ef  al.  (1993) 

SB 

Kreipe  ef  al.  (1993) 

SB 

Nagayama  &  Watatani  (1993) 

SB 

Ottestad  ef  a/.  (1993) 

SB 

Pertschuk  ef  al.  (1993) 

Slot-B, IHC 

Yamashita  ef  al.  (1993) 

SB 

Watson  ef  al.  (1993) 

SB,PCR 

Bieche  ef  al.  (1994) 

SB 

Bolufer  ef  al.  (1994) 

SB 

Breuerefa/.  (1994) 

IHC,WB 

Champeme  et  al.  (1994a) 

SB 

Main  c-myc-related  conclusions 

Not  associated  with  ER  or  PR  status 

Expressed  in  both  benign  iesions  and  cancer 

More  common  in  recurrent  tumors 

Expressed  in  both  benign  lesions  and  cancer 

Correlated  with  poor  prognosis 

Identified  a  rearrangement  with  deletion 

No  clinicopathologic  parameters  mentioned 

Not  correlated  with  clinicopathologic  parameters 

Correlated  with  poor  prognosis;  co-expressed  with  Her2 

RNA  overexpression  related  to  the  gene  amplification 

Gene  rearrangement  and  mutation 

Correlated  with  high  grade  and  PR" 

Associated  with  the  inflammatory  type  of  the  cancer 

Not  related  with  tumor  stage  or  prognosis 

Not  related  to  any  clinicopathologic  parameters 

More  frequently  in  patients  with  node  metastases 

Not  correlated  with  survival 

Not  correlated  with  node  metastasis 

Not  correlated  with  ER,  tumor  histology  or  sizes 

Correlated  with  tumour  grade,  but  not  with  metastasis 

Correlated  with  poor  prognosis 

No  correlation  among  amplification,  RNA  and  protein 

Associated  with  poor  prognosis 

Only  1%  frequency  of  amplification 

Associated  with  lymphocyte  infiltration  of  the  tumors 

Correlated  with  ER'",  but  not  with  clinical  parameters 

Methodology  on  RNA  quantitation 

Related  to  cell  surface  sugar  chains 

The  RNA  expression  reduced  by  tamoxifen 

Existence  of  co-amplification  with  He/2 

Mainly  nuclear  location;  related  to  positive  nodes 

Do  not  regulate  HSP70  expression 

Amplification  in  both  primary  and  metastatic  tumors 

Elevated  in  benign  lesions,  as  a  pre-cancer  marker 

Associated  with  high  copies  of  IGF1R  amplication 

Correlated  with  tumor  size  &  node-positivity,  not  ER 

Inversely  correlated  with  neu  amplification  and  PR 

Correlated  with  shorter  survival 

Related  to  early  recurrence  and  death,  not  to  ER 

More  frequent  in  invasive  tumors 

Mainly  nuclear  location;  related  to  positive  nodes 

Correlated  with  early  recurrence 

Not  related  to  nodal  status,  ER  or  PR 

No  clinocopathologic  parameters  mentioned 

Not  associated  with  somatostatin  receptor  expression 

Higher  expression  in  post-ovulatory  phase 

Co-amplified  with  Her2 

Also  overexpressed  in  benign  lesions 

Associated  with  poor  tumor  differentiation,  not  prognosis 

Related  to  proliferation 

Related  to  node  metastases  &  tumor  sizes 

Only  1.1%  amplification  frequency 

Correlated  with  recurrence 

Related  to  tumor  size,  but  not  clinical  parameters 

Related  to  early  progression 

Associated  with  loss  of  heterozygosity  on  1  p32 

Associated  with  neu  amplication  and  ER" 

c-Myc  protein  elevated  in  both  tumors  and  serum 

Not  related  to  metastasis-free  survival 
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Table  1  Continued 


Reference 

Methods 

Main  c-m/c-related  conclusions 

Champeme  et  al.  (1994b) 

SB 

Not  correlated  with  survival 

Haranda  et  al.  (1994) 

SB 

Not  related  to  clinicopathologic  parameters 

Nagai  et  al.  (1994) 

NB 

Not  correlated  with  ER  RNA  levels 

Spaventi  et  al.  (1994) 

IHC 

Not  related  to  clinicopathologic  parameters 

Pechoux  et  al.  (1994) 

SB,ISHS,IHC 

Also  overexpressed  in  benign  lesions 

Soini  etal.  (1994) 

SB,ISH 

No  clinicopathologic  parameters  mentioned 

Berns  et  al.  (1995a) 

SB 

Related  to  relapse 

Berns  et  al.  (1995b) 

SB 

Inversely  related  to  the  Rb  gene  alteration 

Bland  etal.  (1995) 

IHC 

Not  related  to  recurrence 

Brotherick  et  al.  (1995) 

Cytometry 

Associated  with  c-erbb3  expression 

Contegiacomo  et  al.  (1995) 

SB 

Not  related  to  clinopathologic  parameters 

Correnti  et  al.  (1995) 

Slot-B 

No  clinicopathologic  parameters  mentioned 

Ito  et  al.  (1995) 

SB 

Not  associated  with  ER  or  PR  status 

Janocko  et  al.  (1995) 

Dot-B 

No  clinicopathologic  parameters  mentioned 

Lizard-Nacol  et  al.  (1995) 

SB 

Amplification  only  in  cancer,  not  in  benign  lesions 

Lonn  et  al.  (1995) 

PCR 

Correlated  with  survival 

Pietilainen  et  al.  (1995) 

IHC 

Related  to  better  survival;  mainly  in  cytoplasm 

Ried  et  al.  (1995) 

CGH 

Amplification  found;  no  clinicopathology  mentioned 

Berns  et  al.  (1996) 

SSCP 

Related  to  poor  prognosis 

Courjal  &  Theillet  (1997) 

CGH 

CGH  more  sensitive  than  SB 

Courjal  et  al.  (1997) 

SB 

Correlated  with  ER' 

Persons  et  al.  (1997) 

FISH 

Related  to  S  phase  and  ER" 

Visscher  et  al.  (1997) 

FISH 

No  clinicopathologic  parameters  mentioned 

Kononen  etal.  (1998) 

Arrays 

Amplification  detected  in  tissue  microarrays 

Mimori  et  al.  (1998) 

RT-PCR 

Correlated  with  ODC  expression 

Stanta  et  al.  (1998) 

RT-PCR 

No  clinicopathologic  parameters  mentioned 

Bieche  etal.  (1999) 

RT-PCR 

Correlated  with  tumor  size  but  inversely  with  survival 

Le  et  al.  (1999) 

NB 

Related  to  positive  nodes 

Nupponen  et  al.  (1999) 

SSH 

Associated  with  e/F3-amplification 

SchramI  et  al.  (1999) 

FISH 

Amplification  detected  in  tissue-microarray 

Scorilas  et  al.  (1999) 

SB,NB 

Related  to  survival  and  local  recurrence 

Sierra  et  al.  (1999) 

IHC 

Related  to  metastasis  when  Bcl-2  also  increased 

Vos  et  al.  (1999) 

SB,CGH 

No  amplification  in  DCIS 

Cuny  et  al.  (2000) 

SB 

Correlated  with  ER"  and  PR",  but  not  with  prognosis 

Han  et  al.  (2000) 

IHC 

Inversely  correlated  with  Madl  expression 

Jonsson  et  al.  (2000) 

WB 

Not  related  to  Beta-catenin 

Rao  et  al.  (2000) 

PCR 

Up  to  94%  biopsies  with  amplification 

Sierra  et  al.  (2000) 

IHC 

Not  related  to  clinicopathologic  parameters 

CGH,  comparative  genomic  hybridization;  Dot-B,  dot  blot;  FISH,  fluorescence  in  situ  hybridization;  IHC,  immunohistochemistry; 
ISH,  in  situ  hybridization;  NB,  northern  blot;  RT-PCR,  reverse  transcription  and  PCR;  SB,  southern  blot;  Slot-B,  slot  blot;  SSCP, 
single-strand  conformation  polymorphism;  SSH,  suppression  substractive  hybridization;  WB;  western  blot;  IGF1R,  insulin-like 
growth  factor-1;  DCIS,  ductal  carcinoma  in  situ. 


the  epidermal  growth  factor  receptor  (EGFR)  family  and  is 
amplified  in  about  20-30%  of  human  breast  cancer  biopsies 
(Gaffey  et  al.  1993,  Bolufer  et  al.  1994,  Cuny  et  al.  2000). 
Moreover,  some  investigations  have  shown  that  amplification 
of  Her2  and  c-myc  genes  is  positively  correlated  or 
simultaneously  occurs  in  certain  breast  cancer  biopsies 
(Guerin  et  al.  1988,  Gaffey  et  al.  1993,  Bolufer  et  al.  1994). 
However,  inverse  correlation  between  amplification  of  Her2 
gene  and  c-myc  has  also  been  reported  in  a  few  other  studies 
(Bems  et  al.  1992c,  Sears  et  al.  1997). 

Several  studies  show  that  amplification  or  over¬ 
expression  of  c-myc  occurs  more  frequently  in  the  cases  that 
are  negative  for  estrogen  receptor  (ER-)  (Persons  et  al.  1997, 


Bolufer  et  al.  1994)  and/or  progesterone  receptor  (PR-) 
(Adnane  et  al.  1989,  Bems  et  al.  1992c),  although  other 
investigations  do  not  find  such  inverse  correlation  or  even 
show  the  opposite  correlation  (Table  1).  In  our  recent 
meta-analysis,  only  the  correlation  of  c-myc  amplification 
with  PR  negativity  was  of  statistical  significance  (Deming  et 
al.  2000).  Amplification  of  the  cyclin  D1  gene  (ccndl)  is 
also  seen  frequently  in  human  breast  cancer,  which  occurs 
preferentially  in  the  cases  without  c-myc  amplification 
(Barnes  &  Gillett  1998).  Although  this  reciprocal 
amplification  seems  to  be  consistent  with  the  in  vitro 
observation  that  c-Myc  represses  the  transcription  of  cyclin 
Dl,  direct  evidence  is  still  lacking  for  a  reciprocal 


148 


www.endocrinology.org 


Endocrine-Related  Cancer  {2000)  7  143-164 


relationship  between  the  expression  of  c-Myc  and  that  of 
cyclin  D1  in  any  human  cancer  tissue. 

In  cultured  breast  cancer  cells,  c-Myc  is  able  to  mimic 
estrogen  to  induce  cyclin  E/cdk2  activity  by  maintaining  the 
p27‘“'’‘  in  the  cyclin  Dl/cdk4  complex  (earlier  in  the  cell 
cycle),  so  as  to  keep  the  cyclin  E/2  complex  free  from 
p27'“'’‘-binding  (Prall  et  al.  1998).  Pathological  data  also 
show  that  levels  of  p27'‘'’’'  and  cyclin  D1  are  associated  with 
each  other  in  breast  cancer  (Gillett  et  al.  1999,  Leong  et  al. 
2000).  Other  roles  of  c-Myc  to  activate  cyclin  E/cdk2  activity 
include  its  direct  induction  of  expression  of  cyclin  E,  its 
possible  induction  of  an  as  yet  unidentified  factor  to 
sequester  the  p27'“'’'  from  binding  to  the  cyclin  E/cdk2,  its 
promotion  of  the  ubiquitin-degradation  of  p27'“‘’',  and  its 
possible  repression  of  the  expression  of  p27‘‘''’'  (Amati  et  al. 
1998,  Donjerkovic  et  al.  1999,  Obaya  et  al.  1999,  Wu  et  al. 
1999).  Based  on  these  in  vitro  data,  a  higher  level  of  c-Myc 
would  be  expected  to  be  associated  with  lower  levels  of 
p27kip!  Since  several  reports  have  shown  that  a  lower  p27'‘'’’* 
level  predicts  a  poorer  prognosis  of  breast  cancer  (Cariou  et 
al.  1998,  Gillett  et  al.  1999),  this  is  surmised  to  be  related 
partly  to  the  elevated  levels  of  c-Myc.  Currently,  however, 
no  studies  have  been  reported  to  prove  or  disprove  this 
speculation  on  the  relationship  between  c-Myc  and  p27'‘‘’’' 
and  on  their  combined  effect  on  the  outcome  of  breast 
cancer.  However,  it  has  been  shown  in  patients  with  cervical 
cancer  that  those  with  a  low  p27‘''’’'  level  and  a  high  c-Myc 
level  survive  longer  than  those  with  low  levels  of  both  p27'‘'‘’' 
and  c-Myc  (Dellas  et  al.  1998). 

Breast  cancer-associated  gene  1  (BRCAl)  is  a  putative 
tumor  suppressor  gene,  loss  or  inactivation  of  which 
especially  increases  the  risk  of  breast  and  ovarian  cancer 
(Deng  &  Scott  2000).  BRCAl  can  physically  bind  to  the 
c-Myc  protein  and  repress  c-Myc-mediated  transcription 
(Wang  et  al.  1998).  Moreover,  BRCAl  can  reverse  the 
phenotype  of  REF  transformed  by  activation  of  c-Myc  and 
c-Ras  (Wang  et  al.  1998).  These  data  indicate  that  the 
mechanism  for  BRCAl  to  function  as  a  tumor  suppressor 
may  be  related,  in  part,  to  its  binding  to  c-Myc  and  its 
repression  of  the  transcriptional  activity  of  c-Myc.  Loss  of 
BRCA 1  is  therefore  expected  to  result  in  relatively  increased 
c-Mye  activity  and  transforming  potential.  It  would  be 
interesting  to  test  this  speculation  in  familial  human  breast 
cancer  of  BRCA  1  carriers. 

PTEN  (phosphate  and  tensin  homolog  deleted  on 
chromosome  ten)  is  a  tumor  suppressor  gene  that  is 
inactivated  in  a  number  of  tumor  types,  including  breast 
cancer  (Ali  et  al.  1999,  Di  Cristofano  &  Pandolfi  2000).  In  a 
myc-CkJ  (chloramphenicol  acetyl  transferase)  reporter  gene 
system,  ectopic  expression  of  PTEN  has  been  shown  to 
repress  transcription  of  c-myc  in  MCF-7  and  MDA-MB  486 
breast  cancer  cells  (Ghosh  et  al.  1999),  indicating  that  among 
its  activities,  PTEN  may  be  a  transcription  factor  and  c-myc 
may  be  its  target  gene.  The  repression  of  c-myc  by  PTEN  in 


these  cells  is  coupled  with  increased  apoptosis  and  with 
growth  inhibition  of  the  tumor  developed  from  these  cells  in 
nude  mice  (Ghosh  et  al.  1999).  It  is  thus  conceivable  that  the 
tumor  suppressive  role  of  PTEN  may  be  exerted,  in  part,  by 
down-regulation  of  c-myc.  It  would  be  interesting  to  test  this 
speculation  in  familial  breast  cancers  of  PTEN  carriers 
(Cowden’s  S5mdrome). 

The  c-myc  gene  and  mammary  gland 
carcinogenesis  in  transgenic  mouse 
models 

Transgenic  mice  have  been  generated  to  target  the  c-myc 
gene  to  the  mammary  glands  by  placing  the  transgene  under 
the  control  of  the  long  terminal  repeat  of  the  mouse 
mammary  tumor  virus  (MMTV)  or  the  whey  acidic  protein 
(WAP)  promoters  (reviewed  in  Amundadottir  et  al.  \996a, 
Nass  &  Dickson  1997).  In  MMTV-c-myc  transgenic  mice, 
the  transgene  is  expressed  at  high  levels,  specifically  in  the 
mammary  and  salivary  glands  of  females  (Stewart  et  al. 
1984).  Spontaneous  carcinomas  develop  in  mammary  glands 
at  a  frequency  of  roughly  50%  at  about  one  year  of  age  in 
the  virgin  females;  distant  metastasis  is  rare  (Amundadottir 
et  al.  1995,  \996a,b,  Rose-Hellekant  &  Sandgren  2000). 
Males  do  not  develop  the  tumors.  Multiple  pregnancies 
significantly  increase  the  incidence  and  shorten  the  tumor 
latency  (Stewart  et  al.  1984,  Amundadottir  et  al.  1995, 
\996a,b,  Nass  &  Dickson  1997),  indicating  that  certain 
physiological  growth  stimuli  to  the  mammary  gland,  such  as 
estrogen  or  progesterone,  may  serve  as  promoters  of 
carcinogenesis.  Female  WAP-c-myc  mice,  on  the  other  hand, 
must  undergo  pregnancy  to  develop  mammary  carcinomas 
(Sandgren  et  al.  1995).  The  incidence  and  tumor  latency  are 
thus  likely  to  depend  on  the  rounds  of  pregnancies.  In  the 
WAP-c-ot/c  model,  pregnancy  is  required  for  activation  of 
the  promoter,  but  it  complicates  the  model  as  well,  since 
pregnancy  may  also  provide  additional  promotion  of 
carcinogenesis,  as  seen  in  MMTV-c-myc  mice. 

Since  in  these  c-myc  transgenic  models  the  latency 
periods  for  tumor  onset  are  long  and  the  tumor  incidences 
are  relatively  low,  the  c-myc  gene  itself  may  not  be  sufficient 
for  the  induction  of  carcinogenesis;  other  endogenous 
promoting  factors  such  as  female  sex  hormones  may  still  be 
required  to  complete  the  carcinogenie  process.  This 
hypothesis  is  in  line  with  the  in  vitro  experiments,  showing 
that  transfection  of  cells  with  c-myc  alone  fails  to  transform 
cells,  and  that  co-transfection  with  another  oncogene  or 
growth  factor  gene  is  required.  Consistent  with  the 
co-transfection  experiments,  double  transgenic  mice  carrying 
c-myc  and  another  gene,  such  as  c-ras“,  tgftx,  bcl-2,  or  c-neu 
develop  mammary  carcinomas  at  much  higher  frequencies 
and  at  earlier  ages  (reviewed  in  Amundadottir  et  al.  1996a, 
Nass  &  Dickson  1997). 
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Virgin  female  mice  transgenic  with  MMTV-c-«e«,  the 
mouse  counterpart  of  Her2,  develop  mammary  carcinomas 
as  well,  with  a  50%  incidence  at  about  7  months,  slightly 
earlier  than  that  in  MMTV-c-wyc  mice  (Muller  et  al.  1988, 
Cardiff  et  al.  1991).  However,  about  90%  of  the 
MMTV-c-neu/MMTV-c-myc  double  transgenic  mice, 
generated  by  mating  these  two  strains,  develop  cancer  at  4.6 
months,  a  much  shorter  latency  than  the  single  transgene 
carriers  (Muller  et  al.  1988,  Cardiff  et  al.  1991).  In  human 
breast  cancer,  co-amplification  of  Herl  and  c-myc  has  also 
been  reported  to  be  associated  with  a  reduced  survival  in 
some  studies  (Gaffey  et  al  1993,  Bolufer  et  al  1994,  Cuny 
et  al.  2000).  Interestingly,  in  vitro  c-myc  has  been  shown 
to  repress  transcription  of  c-neu  and  reverse  c-neiz-induced 
transformed  morphology  of  cultured  NIH  3T3  cells  (Suen  & 
Hung  1991).  Probably  when  a  situation  occurs  to  allow  these 
two  oncogenes  to  cooperate  rather  than  to  antagonize  each 
other,  it  results  in  a  more  aggressive  tumor  type.  Such  a 
situation  occurs  in  the  double  transgenic  animals  where  both 
transgenes  are  driven  by  a  transgenic  MMVT  promoter,  and 
may  also  occur  when  both  genes  are  co-amplified  and/or 
translocated  during  development  of  human  breast  cancer. 

MMTV-v-ras*^  transgenic  mice  develop  mammary 
adenocarcinomas  at  50%  frequency  at  an  average  latency 
period  of  10  months  for  males  and  5.6  months  for  virgin 
females  (Sinn  et  al  1987).  The  tumors  from  v-ras  or  c-neu 
transgenic  mice  bear  some  genetic  alterations  that  are  absent 
in  the  tumors  from  c-myc  transgenic  mice  (Morrison  &  Leder 
1994),  indicating  that  the  carcinogenesis  initiated  by  these 
oncogenes  may  undergo  different  pathways.  MMTV-v-ras“/ 
MMTV-c-myc  double  transgenic  mice  develop  mammary 
tumors  at  50%  incidence  after  an  average  latency  of  46  and 
100  days  in  females  and  males  respectively  (Sinn  et  al 
1987),  again  showing  a  synergistic  effect  of  both  oncogenes. 
One  disadvantage  of  the  v-ras^/c-myc  and  c-neu/c-myc  dual 
transgenic  models  for  the  study  of  multistaged  carcinogenesis 
is  that,  of  the  two  oncogenes,  it  is  difficult  to  tell  which  one 
is  the  major  carcinogenic  factor  and  which  one  is  the 
synergist,  since  female  carriers  of  either  transgene  develop 
the  tumors. 

Dual  carriers  of  metallothionein-1  promoter-(MT)-tg/a 
and  MMTV-c-myc  also  develop  mammary  gland  carcinomas 
at  virtually  100%  frequency  in  both  male  and  female  mice 
(Amundadottir  et  al  1995,  1996a, b).  The  latency  for  the 
appearance  of  frank  tumors  in  both  sexes  is  similar,  about  66 
days  in  our  studies.  Unlike  MMTV-v-ruj*^  and  MMTV-c-new 
single  transgenic  mice,  virgin  female  MT-rg/bc  mice  develop 
only  moderate  hyperplasia  in  their  mammary  epithelium 
(Sandgren  et  al.  1990,  Amundadottir  et  al.  1995),  although  a 
low  frequency  of  mammary  tumors  may  occur  after  the  mice 
undergo  multiple  pregnancies  (Sandgren  et  al.  1995, 
Humphreys  &  Hennighausen  2000).  This  characteristic 
defines  a  synergistic  role  for  the  transforming  growth 
factor-a  (TGFa)  in  this  double  transgenic  virgin  model.  The 


tgfaJc-myc  tumors  also  grow  faster  than  the  c-myc  tumors. 
In  addition,  the  equal  incidence  and  latency  in  both  sexes  of 
animals  suggest  that  the  strong  synergism  between  the  two 
transgenes  may  take  place  at  exceedingly  early  ages,  when 
sex  differentiation  in  the  endocrine  environment  has  not  been 
well-established  nor  effective.  Moreover,  before  a 
macroscopic  tumor  appears,  all  cells  in  the  hyperplastic 
mammary  glands  from  MT-tg/bt/MMTV-c-myc  mice  have 
already  displayed  displastic  morphology.  These  properties 
suggest  a  unique  feature  that,  although  neither  tgfa  nor  c-myc 
alone  is  a  sufficient  carcinogenic  factor,  their  synergism  is 
potently  carcinogenic  and  can  transform  mammary  epithelial 
cells  as  early  as  during  the  early  stages  of  development. 

Parous  female  mice  carrying  dual  WAP-6c/-2/ 
MMTV-c-myc  transgenes  develop  mammary  caneer  at  an 
average  latency  period  of  3.3  months,  slightly,  but 
significantly  shorter  than  the  latency  (4.3  months)  of  tumors 
in  parous  female  MMTV-c-myc  earners,  whereas  parous 
female  WAP-6c/-2  mice  do  not  develop  cancers  (Jager  et  al. 
1997).  There  is  evidence  suggesting  that  bcl-2  and  c-myc 
may  also  be  synergistic  in  human  breast  cancer  (Sierra  et  al. 
1999).  Interestingly,  this  synergism  in  mammary 
carcinogenesis  is  opposite  to  the  antagonism  in  liver 
carcinogenesis  observed  in  the  bcl-2lc-myc  double 
transgenic  mice  (de  La  et  al.  1999).  The  reason  behind  this 
organ  difference  is  unclear. 

Loss  of  one  p53  allele  seems  to  have  little  effect  on 
c-Myc  carcinogenicity,  since  female  MMYV-c-mycIpSS+l- 
dual  carriers  develop  mammary  tumors  at  a  frequency  and 
a  latency  period  similar  to  that  seen  in  their  MMTV-c-/nyc 
counterparts  (McCormack  et  al.  1998).  Study  of  the 
mammary  carcinogenesis  in  MMJ'V-c-myc/p53-/-  mice  is 
unfortunately  impossible,  because  of  very  early  development 
of  lymphomas  (Elson  et  al.  1995,  McCormack  et  al  1998). 
However,  these  mice  manifest  dramatic  hyperplasia  in  the 
mammary  gland  at  an  earlier  stage  than  the  MMTV-c-myc 
mice  (McCormack  et  al  1998),  suggesting  the  possibility 
that  lack  of  both  p53  alleles  may  still  have  certain  promoting 
effects  on  c-Myc-induced  mammary  carcinogenesis, 
although  the  synergy  would  be  much  weaker  compared  with 
the  synergistic  effects  in  lymphomagenesis  (Blyth  et  al 
1995,  Elson  et  al  1995). 

Distinctive  morphology  of  mammary 
tumors  in  transgenic  animals 

In  a  series  of  analyses,  Cardiff  and  coworkers  (Cardiff  et  al 
1991,  2000,  Cardiff*  Munn  1995,  Cardiff*  Wellings  1999) 
and  Halter  et  al.  (1992)  noticed  that  the  mammary  tumors 
developed  in  various  different  transgenic  mouse  models 
manifest  distinctive  morphology.  While  more  than  95%  of 
the  mammary  tumors  occurring  spontaneously  in  ordinary 
laboratory  mice  can  be  categorized  using  the  Dunn 
classification,  only  9%  of  the  tumors  from  various  transgenic 
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mice  could  be  placed  into  standard  categories  by  this 
classifieation  (Cardiff  et  al.  2000).  Over  90%  of  the  c-myc 
transgene-induced  tumors  are  glandular  large  cell 
earcinomas,  and  the  rest  are  adenocarcinomas  (Cardiff  et  al. 
1991,  Cardiff  &  Munn  1995).  Mammary  tumors  developed 
from  parous  MT-rg/ix  and  parous  MMTV-<g/a  miee  are  all 
adenocarcinomas.  While  we  also  observed  similar  results,  we 
notieed  that  c-myc/tgfa  dual  transgenie  tumors  were  mainly 
acinar  carcinomas,  according  to  the  elassification  of  Cardiff 
et  al.  (2000),  whieh  was  quite  different  from  the  c-myc  or 
tgfa  tumors.  These  morphologieal  features  suggest  that 
tumor  phenotype  may  refleet  genotype,  as  proposed  by 
Cardiff  and  coworkers.  It  is  an  intriguing  question  why  the 
tgfaJ c-myc  double  transgenic  mice  have  a  tumor  phenotype 
different  from  that  in  either  tgfa-  or  c-myc  only  miee.  Does 
it  mean  that  eaeh  of  the  tgfa,  c-myc,  and  tgfaJc-myc 
genotypes  seleets  its  own  favorable  target  cells  in  the 
mammary  glands  as  the  tumor  progenitor?  Clarifieation  of 
this  question  will  improve  our  understanding  of  how  tgfa  and 
c-myc  cooperate  in  the  in  vivo  situation. 

The  mammary  tumors  arising  in  virgin  female  c-myc 
transgenic  mice  are  charaeterized  by  the  large  number  of 
apoptotie  cells  (Amundadottir  et  al.  19966,  Hundley  et  al. 
1997,  Bearss  et  al.  2000,  Liao  et  al.  2000).  About  15%  of  the 
tumor  cells  are  apoptotie  as  identified  by  TUNEL  staining,  in 
strong  contrast  to  the  1-2%  in  tgfa! c-myc  double  transgenic 
tumors  (Liao  et  al.  2000).  In  c-myc  tumors,  the  apoptotie 
cells  are  organized  in  clusters,  which  in  sections  stained  by 
the  TUNEL  method  are  manifested  as  many  small  stained 
islands  among  non-apoptotic  cells  (see  Fig.  2  in  Liao  et  al. 
2000).  This  morphology  differs  greatly  from  the  random 
spreading  of  the  proliferating  tumor  cells  labeled  by 
proliferating  cell  nuclear  antigen  (PCNA)  in  the  same  tumor. 
This  difference  in  the  histological  organization  of  apoptotie 
cells  and  proliferating  cells  may  be  c-Myc-related,  rather 
than  mammary  gland-specific,  since  similar  ‘clusters’  of 
apoptotie  cells  are  also  discerned  in  the  renal  ducts  that 
express  a  c-myc  transgene  (Trudel  et  al.  1997).  One  of  the 
logical  explanations  may  be  that  a  paracrine  or  juxtacrine 
mechanism  is  involved  in  the  c-Myc-induced  formation  of 
the  apoptotie  cell  islands,  whereas  the  mechanism  for  the 
c-Myc-induced  cell  proliferation  occurs  within  the 
proliferating  cells  without  involving  their  neighboring  cells. 

Another  morphological  feature  of  c-myc  and  tgfaJc-myc 
tumors  is  that  they  contain  little  stromal  tissue.  Stromal  cells 
and  matrix,  as  well  as  blood  capillaries  are  all  much  fewer, 
compared  with  the  mammary  tumors  from  parous  MT-tg/ct 
transgenic  mice  or  from  other  experimental  mice  reported  in 
the  literature.  This  difference  in  the  abundance  of  stroma  has 
already  become  prominent  in  the  hyperplastic  mammary 
tissue  before  the  appearance  of  frank  tumors.  Expression  of 
c-Myc  in  lung  cancer  cells  has  recently  been  shown  to 
suppress  the  expression  of  vascular  epithelial  growth  factor 
(VEGF)  (Barr  et  al.  2000).  It  is  thus  conceivable  that  in  the 


c-myc  and  tgfaJc-myc  mammary  tissue  and  mammary 
tumors,  the  low  abundance  of  stroma  in  general  and  of  blood 
capillaries  in  particular  may,  in  part,  be  related  to  the 
suppression  of  VEGF  by  c-Myc.  This  trait  may  also  be 
partially  responsible  for  the  rareness  of  distant  metastases  of 
these  tumors. 

Possible  multiple  stages  of 
c-Myc-induced  mammary  carcinogenesis 

In  principle,  carcinogenesis  is  a  multi-staged  process  of 
initiation,  promotion,  and  progression;  each  of  these  stages 
also  consists  of  multiple  steps.  However,  none  of  the  current 
animal  models  of  mammary  carcinogenesis  has  been 
observed  to  manifest  a  clear  multi-step  nature,  except  for  the 
noticeable  hyperplastic  lesions  prior  to  tumor  formation.  In 
our  studies  of  the  c-myc  transgenic  model,  we  noticed  that  in 
some  of  the  relatively  larger  (>1  cm  in  diameter)  mammary 
tumors,  there  are  focal  areas  of  tumor  cells  that  are  both 
hematoxylin  (H)-  and  eosin  (E)-phobic  on  routine  H-E 
stained  sections  (Liao  et  al  2000).  In  these  focal  lesions,  the 
number  of  apoptotie  cells  are  much  fewer,  while  the  number 
of  proliferating  cells  are  much  greater  compared  with  the 
surrounding  tumor  areas.  Although  these  foci  show  a  clear 
boundary  of  demarcation  from  surrounding  tumor  areas,  they 
are  not  encompassed  by  connective  tissue  capsules.  Usually, 
some  portion  of  each  focus  exhibits  infiltration  into  the 
adjacent  tumor  areas,  a  typical  feature  of  invasive  growth. 
All  these  morphological  properties  of  the  ‘tumor-within-a- 
tumor’  foci  in  c-myc  tumors  suggest  that  they  may  belong  to 
a  tumor  phenotype  that  is  more  aggressive  than  their  adjacent 
tumor  area,  and  may  thus  represent  a  second  step  of  tumor 
progression. 

A  question  then  raised  is  whether  the  appearance  of  these 
‘tumor-within-a-tumor’  foci  is  unique  for  the  c-myc 
transgenic  model  or,  rather,  is  a  common  phenomenon 
among  experimental  models  of  mammary  carcinogenesis.  In 
our  study  of  the  tumors  from  MT-tg/o/MMTV-c-myc  double 
transgenic  mice,  we  have  not  observed  such  foci.  However, 
the  rates  of  cell  proliferation  and  apoptosis  in  the  entire 
tumors  were  comparable  to  those  in  the  foci  of  the  c-myc 
tumors.  Thus,  it  seems  that  the  second  stage  of  tumor 
progression  may  be  circumvented  in  this  double  transgenic 
model,  and  the  multiple  steps  of  progression  may  have  been 
completed  very  early,  before  the  transformed  cells  develop 
into  a  frank  tumor.  However,  it  cannot  be  excluded  that  this 
second  step  of  progression  may  still  appear  in  other  single  or 
double  transgenic  models  of  mouse  mammary 
carcinogenesis. 

c-Myc  and  sex  hormones 

Estrogens  play  complex  roles  in  mammary  gland 
development  and  carcinogenesis.  The  roles  of  estrogens  in 
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cell  proliferation  in  their  target  organs  are  presumably 
exerted,  in  part,  via  a  set  of  estrogen-responsive  genes, 
including  c-fos,  c-jun,  and  c-myc  (Schuchard  et  al.  1993, 
Hyder  et  al.  1994).  Many  in  vitro  studies  and  some  in  vivo 
experiments  (mainly  in  uterine  tissue)  have  shown  that 
expression  of  c-myc  mRNA  is  induced  by  treatment  of 
estrogens  (Schuchard  et  al.  1993,  Shiu  et  al.  1993,  Hyder  et 
al.  1994).  A  1 16  bp  DNA  sequence,  which  does  not  contain 
the  canonical  estrogen-responsive-element  (ERE),  in  the 
promoter  region  of  the  human  c-myc  gene  is  responsible  for 
the  transcriptional  activation  by  estrogens  (Dubik  &  Sbiu 
1992).  It  is  likely  that  activation  of  the  c-myc  gene  by 
estrogens  requires  binding  of  some  ER-associated  proteins  to 
ER.  It  remains  obscure  if  and  how  estrogen-ER  signaling 
regulates  c-myc  expression  in  human  breast  tumors  (Miller 
et  al.  1993),  as  several  reports  (but  not  all)  show  that 
overexpression  and/or  amplification  of  c-myc  occurs 
preferentially  in  ER-negative  tumors. 

ER-positive  breast  tumors  from  patients  who  have 
received  tamoxifen  treatment  show  a  decreased  level  of 
c-myc  mRNA,  compared  with  their  counterparts  without 
tamoxifen  treatment  (Le,  X  et  al.  1991).  Similar  inhibition 
of  c-myc  expression  by  antiestrogen  has  also  been  observed 
in  ER-positive  T-47D  and  MCF-7  cells  (Wong  &  Murphy 
1991,  Tsai  et  al.  1997).  These  results  suggest  that  tamoxifen 
antagonizes  the  effects  of  estrogens  on  c-myc  expression  both 
in  vivo  and  in  vitro.  However,  treatment  with  tamoxifen  has 
also  been  shown  to  induce  apoptosis  of  both  ER-negative 
and  ER-positive  breast  cancer  cells,  in  association  with  an 
induction  of  c-myc  expression  (Kang  et  al.  1996).  Moreover, 
tamoxifen  also  inhibits  the  growth  of  MCF-7  tumor  growth 
in  nude  mice,  in  association  with  an  induction  of  c-myc 
expression  (Santoni-Rugiu  et  al.  1998).  The  role  of  increased 
c-Myc  in  this  latter  case  was  considered,  without  direct 
proof,  to  be  related  to  tumor  cell  differentiation. 

A  strong,  synergistic  role  of  androgen  in 
estrogen-induced  lieomyomas  and  sarcomas  in  the  uterus  and 
scent  gland  in  hamsters  has  been  known  for  thirty  years 
(Kirkman  &  Algard  \91Qa,b,  Kirkman  1972,  Dodge  et  al. 
1976).  Accumulating  epidemiological  data  also  suggest  that 
elevated  androgens,  mainly  testosterone  secreted  from 
ovaries,  may  contribute  to  the  development  of  breast  cancer 
in  women  (Berrino  et  al.  1996,  Lopez-Otin  &  Diamandis 
1998,  Cauley  et  al.  1999,  Yu  et  al.  2000).  In  an  attempt  to 
induce  prostate  cancer  with  both  17P-estradiol  and 
testosterone  propionate,  Liao  et  al.  (1998)  unexpectedly 
found  that  all  male  rats  receiving  both  hormones  develop 
invasive  mammary  cancer  at  a  time  point  when  the  tumors 
had  not  yet  developed  in  the  rats  receiving  only  estrogen. 
Soon  afterwards  Xie  et  al.  (1999a,  6)  also  reported  similar 
findings  in  the  female  Noble  rats.  These  data  are  the  first 
experimental  evidence  demonstrating  a  synergistic  effect  of 
testosterone  and  estrogen  in  the  induction  of  mammary 
cancer,  thus  raising  a  concern  on  the  use  of  androgens  in 


certain  hormone  replacement  therapy  in  woman  patients 
(Bartlik  &  Kaplan  1999,  Basson  1999,  Hoeger  &  Guzick 
1999). 

There  is  currently  no  clue  as  to  how  testosterone  plays  a 
role  in  carcinogenesis  of  mammary  gland  and  uterus.  It  is 
possible  that  testosterone  may  be  converted  to  estrogen  by 
aromatase  and  thus  function  as  increased  estrogen 
(Henderson  &  Feigelson  2000).  However,  since  normal 
mammary  glands  and  most  breast  tumors  in  both  human  and 
rodents  express  significant  amounts  of  androgen  receptor 
(AR)  (Wilson  &  McPhaul  1996,  Liao  et  al.  1998),  it  is  also 
possible  that  testosterone  may  bind  directly  to  the  AR  and 
perform  an  as  yet  undefined  role  in  promotion  of 
carcinogenesis.  Androgen  can  stimulate  or  inhibit  the 
transcription  of  AR  (termed  autoregulation),  depending  on 
the  cell-type  (Kokontis  et  al.  1994,  Asadi  &  Sharifi  1995, 
Umekita  et  al.  1996,  Kokontis  &  Liao  1999).  C-Myc/Max 
heterodimer  has  been  shown  to  bind  to  a  Myc  E  box  element 
in  tbe  AR  gene  and  participate  in  the  autoregulation  of  AR 
by  AR  (Grad  et  al.  1999).  On  the  other  hand,  it  has  been 
shown  that  androgen  induces  c-myc  expression  to  promote 
proliferation  of  prostate  cancer  cells  in  culture  (Kokontis  et 
al.  1994,  Umekita  et  al.  1996,  Kokontis  &  Liao  1999), 
although  it  is  unclear  if  similar  effects  also  appear  in  other 
AR-expressing  tissues.  Thus,  it  cannot  be  excluded  that  in 
mammary  gland  and  breast  cancer,  c-myc  expression  is 
subjected  to  the  transcriptional  regulation  not  only  by 
estrogen  but  also  by  elevated  androgen.  The  increased  c-Myc 
may  participate  in  autoregulation  of  AR  expression  to  control 
the  as  yet  undefined  role  of  androgen  in  breast  cancer 
development. 

Progesterone  influences  differentiation,  proliferation,  and 
other  functions  of  the  mammary  gland  by  mechanisms  that 
are  more  complicated  and  less  understood  (Clarke  & 
Sutherland  1990).  Combined  treatment  with  both 
progesterone  and  estrogen  has  been  shown  to  have  a  stronger 
effect  than  estrogen  alone  on  the  induction  of  mammary 
tumors  in  male  rats  (Hannouche  et  al.  1982).  The  question 
as  to  whether  progesterone  has  an  impact  on  breast  cancer 
development  in  humans  is  an  important  one,  because 
progesterone  is  used  widely  in  oral  contraceptives  and  in 
hormone  replacement  therapy  for  postmenopausal  women. 
Treatment  of  cultured  breast  cancer  cells  (MCF-7  and 
T47-D)  with  progestin  results  in  transient  acceleration  of  the 
G1  phase,  followed  by  cell  cycle  arrest  and  growth  inhibition 
(Musgrove  et  al.  1991,  1998).  These  data  led  to  an 
hypothesis  that  the  action  of  progesterone  is  to  accelerate  the 
replication  of  the  cells  already  progressing  through  Gl, 
which  are  then  arrested  early  in  Gl  after  completing  a  round 
of  cell  replication  (Musgrove  et  al.  1991,  1998).  The  c-Myc 
protein  is  considered  to  be  the  mediator  in  this  transient 
growth  stimulation  followed  by  growth  inhibition  (McMahon 
et  al.  1998).  Indeed,  expression  of  c-myc  mRNA  is  rapidly 
but  transiently  induced  by  progestin  treatment,  whereas 
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relatively  long-term  treatment  of  progestin  results  in 
suppression  of  its  expression  (Musgrove  et  al.  1991,  Wong  & 
Murphy  1991).  Consistent  with  this  suppressive  role, 
overexpression  and/or  amplification  of  the  c-myc  gene  has 
been  observed  to  occur  preferentially  in  PR-negative  breast 
cancer  cases  (Adnane  et  al.  1989,  Bems  et  al.  1992c). 

The  promoter  of  the  human  c-myc  gene  contains  a  1 5-bp 
sequence  with  homology  to  the  progesterone  response 
element  (PRE)  (Moore  et  al.  1997).  Binding  of  PR  to  this 
sequence  results  in  activation  of  the  reporter  gene,  as  studied 
in  a  CAT  assay.  However,  it  is  still  unclear  whether  this 
PRE-like  sequence  is  involved  in  the  transient  stimulation 
and  then  inhibition  of  expression  of  the  c-myc  gene  by 
progesterone  in  breast  cancer  cells.  In  avian  oviducts,  PR 
activates  expression  of  the  c-myc  gene  (Fink  et  al.  1988), 
which  is  mediated  by  the  interaction  of  certain  nuclear 
matrix-associated  steroid  receptor  binding  proteins  (Barrett 
et  al.  2000).  It  seems  that  the  effects  of  progesterone  on 
PR-responsive  cells  are  cell-type  specific,  and  that  the 
specificity  may  be  related  to  the  mediation  of  some 
PR-associated  proteins. 

Prolactin  is  both  a  mitogen  and  a  differentiating  agent  in 
the  mammary  gland.  In  several  rodent  models  prolactin  has 
been  shown  to  have  potent,  promotive  effects  on  mammary 
cancer  development  (Vonderhaar  1999).  A  role  in  human 
breast  cancer  has  also  been  suggested,  although  unproved 
(Vonderhaar  1998,  1999,  Hankinson  et  al.  1999).  Prolactin 
receptors  are  present  in  about  70%  of  human  breast  cancer 
biopsies  (Clevenger  et  al.  1995).  Cultured  breast  cancer  cells 
respond  to  prolactin  as  a  mitogen.  Prolactin  is  synthesized 
by  human  breast  cancer  cells,  and  inhibition  of  the  binding  of 
prolactin  to  its  receptors  inhibits  the  cell  growth  (Vonderhaar 
1998).  Prolactin  can  cause  a  dose-dependent  increase  in  the 
levels  of  c-myc  mRNA  in  hepatocytes  both  in  vivo  and  in 
vitro  (Crowe  et  al.  1991,  Zabala  &  Garcia-Ruiz  1989). 
However,  how  prolactin  affects  c-myc  expression  in  the 
reproductive  organs  and  tissues  is  unknown.  Since  activation 
of  the  prolactin-prolactin  receptor  pathway  simulates  the  Sos/ 
Ras  and  Vav/Rac  signaling  cascades  in  several  breast  cancer 
cell  lines  (Vonderhaar  1998),  it  is  conceivable  that  c-Myc  is 
also  mediated  in  certain  functions  of  prolactin  in  mammary 
gland. 

Relevance  of  the  c-myc  gene  to  breast 
cancer  prognosis  and  therapy 

Several  reports  have  shown  an  association  of  c-myc  gene 
amplification  with  a  poor  prognosis  of  breast  cancer  (Bems 
et  al.  1992c,  4,  1996,  Borg  et  al.  1992,  Roux-Dosseto  et  al. 
1992,  Scorilas  et  al.  1999),  whereas  many  other  studies  do 
not  find  such  a  correlation  (Table  1;  Deming  et  al.  2000). 
Reports  on  the  prognostic  value  of  overexpression  of  c-myc 
mRNA  or  protein  are  not  only  inconsistent  but  also 
conflicting  (Table  1).  While  many  other  studies  do  not  find 


any  association  between  c-myc  expression  and  prognosis 
(Mizukami  et  al.  1991,  Spaventi  et  al.  1994),  several 
investigations  find  that  a  higher  expression  level  correlates 
with  a  poorer  outcome  (Guerin  et  al.  1988,  Pertschuk  et  al. 
1993,  Mimori  et  al.  1998).  However,  a  recent  study  shows 
that  higher  c-myc  mRNA  levels  in  breast  cancer  are 
correlated  with  better  survival  (Bieche  et  al.  1999).  This 
conclusion  is  consistent  with  the  earlier  immunohisto- 
chemical  studies  on  protein  levels,  but  probably  is  correct 
only  for  the  axillary  lymph  node  negative  tumors  (Pietilainen 
et  al.  1995).  Similar  findings  that  higher  levels  of  c-myc 
expression  reflect  better  prognosis  have  also  been  reported 
for  patients  with  other  types  of  malignancy,  such  as  testicular 
cancer  (Watson  et  al.  1986),  colorectal  cancer  (Smith  &  Goh 
1996),  uveal  melanoma  (Ghana  et  al.  1998,  1999),  and 
probably  also  ovarian  cancer  (Diebold  et  al.  1996,  Tanner  et 
al.  1998).  Many  other  studies  that  do  not  involve  analysis  of 
survival  also  show  that  higher  levels  of  c-Myc  proteins  are 
discerned  in  better  differentiated  cancer  in  testis  (Sikora  et 
al.  1985),  colon  (Sikora  et  al.  1987,  Watson  et  al.  1987Z), 
Royds  et  al.  1992),  ovary  (Watson  et  al.  1987a,  Polacarz  et 
al.  1989),  and  bile  ducts  (Voravud  et  al.  1989),  which  is  also 
likely  to  be  coupled  with  a  better  outcome.  Moreover,  ectopic 
expression  of  c-myc  in  lung  cancer  cell  lines  has  recently 
been  shown  to  suppress  tumor  development  from  cells 
injected  into  nude  mice  (Barr  et  al.  2000).  Several  studies 
show  that  benign  breast  lesions  such  as  fibroadenomas  and 
fibrocystic  disease  express  c-Myc  at  levels  as  high  as  seen  in 
breast  cancer  (Whittaker  et  al.  1986,  Spandidos  et  al.  1987). 
This  property  leads  to  a  consideration  that  c-Myc  may  be 
involved  in  the  early  development  of  the  cancer  and  could 
be  used  as  a  marker  for  the  pre-malignancy  or  for  the  risk  of 
the  cancer. 

The  controversial  prognostic  implications  for  c-myc 
overexpression  should  not  be  surprising,  for  a  few  reasons. 
First,  c-Myc  proteins  may  direct  cells  to  proliferation, 
differentiation,  or  apoptosis;  in  the  two  latter  cases  the  c-Myc 
level  may  correlate  with  a  better  outcome.  Secondly,  c-Myc 
may  suppress  expression  of  VEGF  in  the  tumor  (Barr  et  al. 
2000),  which  may  also  be  associated  with  a  favorable 
prognosis.  Thirdly,  as  mentioned  above,  the  c-myc  gene 
product  engenders  different  proteins  that  may  have  different, 
and  even  opposite  functions,  and  it  is  currently  unknown 
which  of  the  c-Myc  protein  isoforms  is  expressed  in  which 
in  vivo  situation.  Moreover,  c-myc  may  induce  cell 
proliferation,  but  proliferating  cells  are  usually  more 
sensitive  to  chemotherapy.  Indeed,  colonic  cancer  with  low 
levels  of  c-myc  gene  amplification  has  been  reported  to 
respond  to  adjuvant  chemotherapy  much  better  than  that 
without  the  gene  amplification  (Augenlicht  et  al.  1997).  This 
may  explain  why  higher  c-myc  expression  levels  are 
correlated  on  the  one  hand  with  larger  sizes  of  breast  tumors 
but  on  the  other  hand  with  a  better  survival  (Bieche  et  al. 
1999). 
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In  our  c-myc  transgenic  mouse  model,  we  have  observed 
that  c-myc  expression  in  the  transgenic  mammary  tumors  is 
actually  attenuated  in  the  highly  proliferating,  less  apoptotic 
tumor  foci  (Liao  et  al.  2000).  Interestingly,  these  specific  foci 
show  high  expression  levels  of  cyclins  D1  and  E,  whereas 
their  adjacent  tumor  areas  do  not  express  these  cyclins. 
Hyperplastic  mammary  glands  in  the  c-myc  mice  do  not 
show  expression  of  these  eyclins  either.  Since  in  vitro  studies 
have  demonstrated  that  c-Myc  can  suppress  expression  of 
cyclin  Dl,  it  is  likely  that  the  decrease  in  c-Myc  expression 
in  the  foci  enables  the  overexpression  of  these  cyclins.  Thus, 
one  possible  explanation  for  the  inverse  correlation  between 
c-myc  level  and  prognosis  is  that  rises  in  both  G1  cyclins, 
Dl  and  E,  may  lead  to  an  unfavorable  outcome  (Scott  & 
Walker  1997,  Wilcken  et  al.  1997,  Nielsen  et  al.  1998,  Lin  et 
al.  2000),  whereas  high  levels  of  c-Myc  prevent  their  surges. 

However,  why  do  high  levels  of  c-Myc  associate  with  an 
unfavorable  outcome  in  other  cases?  Attempting  to  answer 
this  question,  we  compared  the  tgfa,  c-myc,  and  tgfaJc-myc 
transgenic  models.  This  is  because  not  only  cyclins  Dl  and 
E  (Jansen-Durr  et  al.  1993,  Gillett  et  al.  1996,  Nielsen  et  al. 
1996,  Sasano  et  al.  1997,  Trudel  et  al.  1997),  but  also  TGFa 
and  several  other  growth  factors  (Panico  et  al.  1996)  or  their 
receptors  (Dickson  &  Lippman  1995)  that  are  known  to  be 
survival  factors  for  c-Myc-overexpressing  cells  (Hoffman  & 
Liebermann  1998,  Prendergast  1999),  have  all  been  reported 
to  be  overexpressed  in  most  cases  of  human  breast  cancer 
(Auvinen  et  al.  1996).  In  contrast  to  the  suppressive  effects 
of  c-Myc,  TGFa  may  induce  cyclin  Dl,  as  suggested  by  the 
observation  that  many  cyclin  Dl -positive  cells  appear  in  the 
hyperplastic  mammary  epithelium  from  tgfa  transgenic  mice 
(Liao  et  al.  2000).  In  tgfa! c-myc  double  transgenic  tumors, 
many  cyclin  Dl -positive  cells  also  appear,  but  they  are 
spread  randomly  throughout  the  whole  tumors,  without 
forming  any  specific  foci  or  showing  reciprocal  relation  to 
the  c-myc  expression  (Liao  et  al.  2000).  Collectively,  these 
data  suggest  that  in  the  double  transgenic  model,  TGFa 
induces  expression  of  cyclin  Dl,  which  overrides  the 
suppression  by  c-Myc.  Cyclin  E  is  also  overexpressed  in  a 
way  similar  to  the  expression  of  cyclin  D 1  in  the  tgfaJ c-myc 
tumors  (Liao  et  al.  2000).  Thus,  three  types  of  tumor  tissue, 
i.e.  the  major  tumor  areas  of  c-myc  tumors,  the  foci  in  c-myc 
tumors,  and  the  tgfaJc-myc  tumors,  manifest  different 
patterns  of  relationship  between  c-Myc  and  G1  cyclins, 
respectively:  (1)  c-Myc  overexpression  without  rises  in  G1 
cyclins,  (2)  loss  of  c-myc  expression  with  overexpression  of 
G1  cyelins,  and  (3)  high  expression  levels  of  both  c-Myc  and 
G1  cyclins  under  the  condition  of  a  concomitant  increase  in 
TGFa.  As  described  above,  the  latter  two  patterns  are 
associated  with  a  higher  proliferative  rate  and  a  lower 
apoptotic  rate,  compared  with  the  former  one. 

These  three  patterns  of  relationships  among  c-Myc,  G1 
cyclins,  and  growth  factors  provide  one  possible  explanation 


for  the  dual  prognostic  values  of  c-myc  overexpression.  It 
seems  that  constantly  high  levels  of  c-Myc  as  seen  in  the 
major  c-myc  tumor  areas  tend  to  commit  the  cells  to 
apoptosis,  unless  this  trend  is  converted  to  that  of 
proliferation  by  one  of  two  conditions:  (1)  the  c-Myc  level 
drops  to  allow  G1  cyclins  to  increase,  as  seen  in  the  c-myc 
tumor  foci,  or  (2)  the  level  of  TGFa  (or  other  survival  factor) 
is  concomitantly  increased  to  rescue  G1  eyclins  from 
suppression  by  c-Myc  and  to  cause  their  induction.  If  a  breast 
cancer  manifests  constant  overexpression  of  c-Myc  without 
concomitant  increase  in  TGFa  (or  other  survival/ 
proliferation-promoting  growth  factors)  or  G1  cyclins,  the 
tumor  may  undergo  apoptosis  and  be  more  sensitive  to 
apoptotic  stimuli  or  to  chemotherapy,  which  may  be  reflected 
in  a  better  prognosis.  Under  this  situation,  antagonism  of 
c-myc  expression,  such  as  by  utilization  of  c-myc  antisense 
oligonucleotides  that  has  been  proposed  as  a  strategy  for 
gene  therapy  of  cancer,  may  actually  prevent  apoptosis  of  the 
tumor  cells  and  may  risk  a  rise  in  G1  cyclins  and 
development  of  a  more  aggressive  tumor  phenotype.  On  the 
other  hand,  should  the  tumor  show  a  high  level  of  c-Myc 
with  concomitant  increase  in  growth  factors  or  G1  cyclins,  it 
may  be  more  aggressive.  In  this  latter  case,  neutralization  of 
the  cyclins  and/or  survival  factors,  alone  or  together  with 
antagonism  of  expression  of  c-myc  gene  by  factors  such  as 
antisense  treatment,  may  be  a  more  appropriate  way  to 
commit  the  cells  to  apoptosis.  Since  a  cancer  usually  contains 
heterogeneous  tumor  cell  populations,  all  these  patterns  of 
relationship  among  c-Myc,  cyclins  and  growth  factors  are 
likely  to  exist  concomitantly.  Thus,  the  challenge  is  that  one 
single  therapeutic  regimen  may  kill  some  cancer  cells  while 
allowing  some  other  cells  to  evolve  to  more  aggressive 
forms. 

Special  biological  properties  of  the 
mammary  gland 

As  already  pointed  out  by  many  other  investigators,  reports 
on  the  roles  of  c-Myc  in  proliferation,  apoptosis, 
differentiation,  and  growth  of  a  cell  are  often  conflicting.  Part 
of  the  reason  may  be  that  the  function  of  c-Myc  is  cell 
type-specific  and  dependent  on  experimental  conditions. 
However,  most  of  our  understanding  of  the  mechanisms  for 
the  functions  of  c-Myc  derives  from  experiments  with  in 
vitro  systems  and  with  fibroblasts  or  cells  of  hemopoietic  or 
lymphpoietic  origins.  These  types  of  cells  differ  from 
epithelium  in  many  respects. 

There  are,  indeed,  some  studies  on  c-Myc  using 
epithelial  tissues  that  are  not  primary  targets  of  sex  steroids 
and  which  differ  greatly  from  mammary  gland,  such  as  liver 
and  kidney.  Growth  stimuli  to  liver  can  be  divided  into  the 
compensatory  type,  which  is  associated  with  significant  cell 
loss,  and  the  non-compensatory  type  (Coni  et  al.  1993, 


154 


www.endocrinology.org 


Endocrine-Related  Cancer  (2000)  7  143-164 


Columbano  &  Shinozuka  1996).  In  response  to  the 
compensatory-growth  stimulus  such  as  partial  hepatectomy 
or  treatment  with  necrogenic  agents,  hepatocytes  quickly 
enter  the  cell  cycle  from  the  quiescent  GO  phase, 
characterized  by  increased  expression  of  immediate-early 
genes  such  as  c-fos,  c-Jun  and  c-myc.  The  cells  proliferate  to 
restore  the  normal  number  of  hepatoc3rtes  and  normal  size  of 
liver,  followed  by  cessation  of  proliferation,  probably 
triggered  by  contact-inhibition  between  hepatocytes. 
Non-compensatory  growth  stimuli  such  as  treatment  with 
phenobarbitol,  estrogen,  growth  factors,  or  many  other  agents 
that  are  not  necrogenic  to  the  liver,  also  induce  hepatocytes 
to  proliferate,  leading  to  the  enlargement  of  the  liver. 
However,  the  proliferated  cells  tend  to  undergo  apoptosis, 
especially  after  withdrawal  of  the  growth  stimulus,  probably 
because  the  liver  must  reduce  its  size  to  normal.  Ductal 
epithelial  cells  of  the  kidney  normally  rest  at  the  G1  phase, 
and  are  refractory  to  various  proliferating  stimuli  (Norman  et 
al.  1988).  Unirenalectomy,  which  causes  a  50%  loss  of 
kidney  tissue,  mainly  causes  hypertropy  of  the  remnant 
kidney,  i.e.  growth  in  the  cell  size  of  the  ductal  epithelium, 
with  little  cell  proliferation,  although  c-myc  and  other 
immediate-early  genes  are  activated  by  the  operation 
(Norman  et  al.  1988). 

Unlike  liver,  kidney,  and  other  epithelium-dominant 
organs,  the  mammary  gland  is  not  fully  developed  until  the 
females  deliver  and  nurse  their  offspring.  After  weaning, 
most  of  the  developed  glands  will  undergo  atropy,  mainly 
via  apoptotic  pathways.  More  unusually,  the  glands  are 
embedded  inside  a  fat  pad  before  their  growth  during 
development  or  their  induction  by  various  stimuli.  The 
meaning  of  this  property  may  be  much  more  profound  than 
scientists  have  realized.  For  instance,  the  glands  may 
proliferate  freely  in  response  to  growth  stimulation, 
extending  into  the  fat  pad  with  no  strict  size  control,  although 
there  may  still  exist  contact-inhibition  among  neighboring 
epithelial  cells.  If  so,  there  may  not  exist  the 
non-compensatory  type  of  growth  stimuli  for  the  mammary 
gland;  its  proliferation  may  not  be  coupled  with  a  tendency 
for  apoptosis  to  limit  the  gland  size,  as  may  be  the  case  in 
the  liver.  The  apoptotic  process  after  weaning  may  differ  in 
its  mechanism  from  the  apoptosis  of  hepatocytes  after 
withdrawal  of  non-compensatory  stimulus.  Moreover,  the 
property  of  ‘growth  within  a  fat  pad’  may  also  make  the 
stromal-epithelial  interaction  more  involved  than  in  other 
organs.  Other  unanswered  questions  regarding  mammary 
gland  biology  include  the  determination  of  which  cell  cycle 
stage  (GO  or  Gl)  the  majority  of  mammary  epithelial  cells 
normally  rest.  What  is  clear  is  that  mammary  gland 
epithelium  has  its  distinct  biological  features;  special 
precautions  should  be  taken  when  applying  knowledge  from 
studies  on  other  non-epithelial  and  epithelial  systems  to  the 
mammary  gland. 


Perspectives 

Data  pertaining  to  several  fundamental  questions  on  the 
functions  of  c-Myc  are  still  very  confusing.  For  instance,  do 
c-Myc  proteins  play  a  role  in  all  early  and  advanced  stages 
of  the  carcinogenic  process?  Are  tumor  cells  in  a  cancer  that 
express  high  levels  of  c-Myc  proteins  more  malignant  or 
more  benign?  Can  overexpression  of  c-Myc  in  a 
spontaneously  occurring  tumor  trigger  an  apoptotic  process 
as  can  ectopically  expressed  c-Myc?  What  does  a 
cytoplasmic  localization  of  c-Myc  protein  suggest  to  us? 
Superficially,  the  answers  seem  to  be  that  c-Myc  should  be 
a  nuclear  protein,  as  it  is  a  transcription  factor,  and  that  it 
should  contribute  to  all  stages  of  the  carcinogenic  process  to 
make  a  normal  cell  progressively  more  malignant  (Garte 
1993),  as  it  may  cause  genetic  instability.  Thus,  a  positive 
immunohistochemical  staining  should  be  observed  in  the 
nucleus  of  tumor  cells  and  should  reflect  an  unfavorable 
outcome. 

However,  data  on  the  c-Myc  expression  in  various  types 
of  human  malignancy  and  data  from  our  transgenic  models 
are  often  inconsistent  with  this  line  of  inference.  We  now 
consider  that,  while  the  above  inference  may  still  be  correct 
on  many  occasions,  under  certain  circumstances  c-Myc 
protein  may  play  a  ‘hit-and-run’  game  during  the  whole 
carcinogenic  process.  In  these  special,  as  yet  undefined 
situations,  c-Myc  may  just  contribute  to  the  tumor  onset  and 
early  growth.  Once  a  tumor  is  formed  and  has  grown  to  a 
certain  size,  high  levels  of  c-Myc  may  cause  some  additional 
effects  that  are  unfavorable  for  the  survival  and  continuous 
growth  of  the  tumor.  These  effects  may  include  the  tendency 
to  apoptosis  or  the  high  sensitivity  to  apoptotic  factors,  as 
well  as  the  inhibition  of  VEGF,  Gl  cyclins,  Her2/neu,  etc. 
Accumulating  experimental  evidence  is  now  suggesting  that 
c-Myc  may  be  an  important  transcriptional  repressor.  Some 
of  the  genes  suppressed  by  c-Myc  may  be  required  for  the 
survival  or  growth  of  the  tumor  cells  in  a  hostile 
environment,  such  as  the  hypoxia  that  often  occurs  when  a 
tumor  becomes  large  and  lacks  a  sufficient  blood  supply. 
Under  these  circumstances,  certain  c-Myc-signaling 
pathways  may  be  shut  off  Examples  of  this  are  the 
attenuation  of  c-myc  expression  and  the  prevention  of  its 
entry  into  the  nucleus.  These  lines  of  thinking  need  further 
validation  by  experimental  and  clinical  studies. 

References 

Adnane  J,  Gaudray  P,  Simon  MP,  Simony-Lafontaine  J,  Jeanteur 
P  &  Theillet  C  1989  Proto-oncogene  amplification  and  human 
breast  tumor  phenotype.  Oncogene  4  1389-1395. 

Agnantis  NJ,  Mahera  H,  Maounis  N  &  Spandidos  DA  1992 
Immunohistochemical  study  of  ras  and  myc  oncoproteins  in 
apocrine  breast  lesions  with  and  without  papillomatosis. 

European  Journal  of  Gynaecological  Oncology  13  309-315. 


www.endocrinology.org 


155 


Liao  and  Dickson:  c-Myc  in  breast  cancer 


Alarcon  RM,  Rupnow  BA,  Graeber  TG,  Knox  SJ  &  Giaccia  AJ 
1996  Modulation  of  c-Myc  activity  and  apoptosis  in  vivo. 

Cancer  Research  56  4315^319. 

Alexandrow  MG  &  Moses  HL  1998  c-myc-enhanced  S  phase  entry 
in  keratinocytes  is  associated  with  positive  and  negative  effects 
on  cyclin-dependent  kinases.  Journal  of  Cell  Biochemistry  70 
528-542. 

Ali  lU,  Schriml  LM  &  Dean  M  1999  Mutational  spectra  of  PTEN/ 
MMACl  gene:  a  tumor  suppressor  with  lipid  phosphatase 
activity.  Journal  of  the  National  Cancer  Institute  91  1922-1932. 

Amati  B,  Alevizopoulos  K  &  Vlach  J  1998  Myc  and  the  cell  cycle. 
Frontiers  of  Bioscience  3  D250-D268. 

Amundadottir  LT,  Johnson  MD,  Merlino  G,  Smith  GH  &  Dickson 
RB  1995  Synergistic  interaction  of  transforming  growth  factor 
alpha  and  c-myc  in  mouse  mammary  and  salivary  gland 
tumorigenesis.  Cell  Growth  and  Differentiation  6  737-748. 

Amundadottir  LT,  Merlino  G  &  Dickson  RB  1996a  Transgenic 
mouse  models  of  breast  cancer.  Breast  Cancer  Research  and 
Treatment  ^9  119-135. 

Amundadottir  LT,  Nass  SJ,  Berchem  GJ,  Johnson  MD  &  Dickson 
RB  19966  Cooperation  of  TGF  alpha  and  c-Myc  in  mouse 
mammary  tumorigenesis:  coordinated  stimulation  of  growth  and 
suppression  of  apoptosis.  Oncogene  13  757-765. 

Asadi  FK  &  Sharifl  R  1995  Effects  of  sex  steroids  on  cell  growth 
and  C-myc  oncogene  expression  in  LN-CaP  and  DU-145 
prostatic  carcinoma  cell  lines.  International  Urology  and 
Nephrology  27  67-80. 

Augenlicht  LH,  Wadler  S,  Comer  G,  Richards  C,  Ryan  L,  Multani 
AS,  Pathak  S,  Benson  A,  Haller  D  &  Heerdt  BG  1997 
Low-level  c-myc  amplification  in  human  colonic  carcinoma  cell 
lines  and  tumors:  a  frequent,  p53-independent  mutation 
associated  with  improved  outcome  in  a  randomized 
multi-institutional  trial.  Cancer  Research  57  1769-1775. 

Auvinen  PK,  Lipponen  PK,  Kataja  VV,  Johansson  RT  &  Syrjanen 
KJ  1996  Prognostic  significance  of  TGF-alpha  expression  in 
breast  cancer.  Acta  Oncologica  35  995-998. 

Balaji  KC,  Koul  H,  Mitra  S,  Maramag  C,  Reddy  P,  Menon  M, 
Malhotra  RK  &  Laxmanan  S  1997  Antiproliferative  effects  of 
c-myc  antisense  oligonucleotide  in  prostate  cancer  cells:  a  novel 
therapy  in  prostate  cancer.  Urology  50  1007-1015. 

Barnes  DM  &  Gillett  CE  1998  Cyclin  D1  in  breast  cancer.  Breast 
Cancer  Research  and  Treatment  52  1-15. 

Barr  LF,  Campbell  SE,  Diette  GB,  Gabrielson  EW,  Kim  S,  Shim 
H  &  Dang  CV  2000  c-Myc  suppresses  the  tumorigenicity  of 
lung  cancer  cells  and  down-regulates  vascular  endothelial  growth 
factor  expression.  Cancer  Research  60  143-149. 

Barrett  JF,  Lewis  BC,  Hoang  AT,  Alvarez  RJJ  &  Dang  CV  1995 
Cyclin  A  links  c-Myc  to  adhesion-independent  cell  proliferation. 
Journal  of  Biological  Chemistry  270  15923-15925. 

Barrett  TJ,  Sandhu  NP,  Tomlinson  AJ,  Benson  LM,  Subramaniam 
M,  Naylor  S  &  Spelsberg  TC  2000  Interactions  of  the  nuclear 
matrix-associated  steroid  receptor  binding  factor  with  its  DNA 
binding  element  in  the  c-myc  gene  promoter.  Biochemistry  39 
753-762. 

Bartlik  BD  &  Kaplan  PM  1999  Testosterone  treatment  of  women. 
Harvard  Mental  Health  Letter  16  4-6. 

Basson  R  1999  Androgen  replacement  for  women.  Canadian 
Family  Physician  45  2100-2107. 

Batsche  E  &  Cremisi  C  1999  Opposite  transcriptional  activity 
between  the  wild  type  c-myc  gene  coding  for  c-Mycl  and 
c-Myc2  proteins  and  c-Mycl  and  c-Myc2  separately.  Oncogene 
18  5662-5671. 


Bearss  DJ,  Sublet  MA,  Hundley  JE,  Troyer  DA,  Salmas  RA  & 
Windle  JJ  2000  Genetic  determinants  of  response  to 
chemotherapy  in  transgenic  mouse  mammary  and  salivary 
tumors.  Oncogene  19  1114-1122. 

Ben-Yosef  T,  Yanuka  O,  Halle  D  &  Benvenisty  N  1998 
Involvement  of  Myc  targets  in  c-myc  and  N-myc  induced  human 
tumors.  Oncogene  17  165-171. 

Bems  EM,  Klijn  JG,  van  Staveren  IL,  Portengen  H  &  Foekens  JA 
1992a  Sporadic  amplification  of  the  insulin-like  growth  factor  1 
receptor  gene  in  human  breast  tumors.  Cancer  Research  52 
1036-1039. 

Bems  EM,  Klijn  JG,  van  Putten  WL,  van  Staveren  IL,  Portengen 
H  &  Foekens  JA  19926  c-myc  amplification  is  a  better 
prognostic  factor  than  HER2/neu  amplification  in  primary  breast 
cancer.  Cancer  Research  52  1107-1113. 

Bems  EM,  Klijn  JG,  van  Staveren  IL,  Portengen  H,  Noordegraaf 
E  &  Foekens  JA  1992c  Prevalence  of  amplification  of  the 
oncogenes  c-myc,  HER2/neu,  and  int-2  in  one  thousand  human 
breast  tumours:  correlation  with  steroid  receptors.  European 
Journal  of  Cancer  28  697-700. 

Bems  EM,  Foekens  JA,  van  Putten  WL,  van  Staveren  IL, 

Portengen  H,  de  Koning  WC  &  Klijn  JG  1992c?  Prognostic 
factors  in  human  primary  breast  cancer:  comparison  of  c-myc 
and  HER2/neu  amplification.  Journal  of  Steroid  Biochemistry 
and  Molecular  Biology  43  13-19. 

Bems  EM,  de  Klein  A,  van  Putten  WL,  van  Staveren  IL,  Bootsraa 
A,  Klijn  JG  &  Foekens  JA  1995a  Association  between  RB-1 
gene  alterations  and  factors  of  favourable  prognosis  in  human 
breast  cancer,  without  effect  on  survival.  International  Journal 
of  Cancer  64  140-145. 

Bems  EM,  Foekens  JA,  van  Staveren  IL,  van  Putten  WL,  de 
Koning  HY,  Portengen  H  &  Klijn  JG  19956  Oncogene 
amplification  and  prognosis  in  breast  cancer:  relationship  with 
systemic  treatment.  Gene  159  11-18. 

Bems  EM,  Klijn  JG,  Smid  M,  van  Staveren  IL,  Look  MP,  van 
Putten  WL  &  Foekens  JA  1996  TP53  and  MYC  gene  alterations 
independently  predict  poor  prognosis  in  breast  cancer  patients. 
Genes,  Chromosomes  and  Cancer  16  170-179. 

Berrino  F,  Muti  P,  Micheli  A,  Bolelli  G,  Krogh  V,  Sciajno  R, 

Pisani  P,  Panico  S  &  Secreto  G  1996  Serum  sex  hormone  levels 
after  menopause  and  subsequent  breast  cancer.  Journal  of 
National  Cancer  Institute  88  291-296. 

Bieche  I,  Champeme  MH  &  Lidereau  R  1994  A  tumor  suppressor 
gene  on  chromosome  lp32-pter  controls  the  amplification  of 
MYC  family  genes  in  breast  cancer.  Cancer  Research  54  4274- 
4276. 

Bieche  I,  Laurendeau  I,  Tozlu  S,  Olivi  M,  Vidaud  D,  Lidereau 
R  &  Vidaud  M  1999  Quantitation  of  MYC  gene  expression  in 
sporadic  breast  tumors  with  a  real-time  reverse 
transcription-PCR  assay.  Cancer  Research  59  2759-2765. 

Bishop  JM  1982  Retroviruses  and  cancer  genes.  Advance  in 
Cancer  Research  37  1-32. 

Biunno  I,  Pozzi  MR,  Pierotti  MA,  Pilotti  S,  Cattoretti  G  &  Della 
PG  1988  Structure  and  expression  of  oncogenes  in  surgical 
specimens  of  human  breast  carcinomas.  British  Journal  of 
Cancer  57  464-468. 

Bland  KI,  Konstadoulakis  MM,  Vezeridis  MP  &  Wanebo  HJ  1995 
Oncogene  protein  co-expression.  Value  of  Ha-ras,  c-myc,  c-fos, 
and  p53  as  prognostic  discriminants  for  breast  carcinoma.  Annals 
of  Surgery  221  706-718. 

Blyth  K,  Terry  A,  O’Hara  M,  Baxter  EW,  Campbell  M,  Stewart 
M,  Donehower  LA,  Onions  DE,  Neil  JC  &  Cameron  ER  1995 


156 


www.endocrinology.org 


Endocrine-Related  Cancer  (2000)  7  143-164 


Synergy  between  a  human  c-myc  transgene  and  p53  null 
genotype  in  murine  thymic  lymphomas:  contrasting  effects  of 
homozygous  and  heterozygous  p53  loss.  Oncogene  10  1717- 
1723. 

Bolufer  P,  Molina  R,  Ruiz  A,  Hernandez  M,  Vazquez  C  &  Lluch 
A  1994  Estradiol  receptors  in  combination  with  neu  or  myc 
oncogene  amplifications  might  define  new  subtypes  of  breast 
cancer.  Clinica  Chimica  Acta  229  107-122. 

Bonilla  M,  Ramirez  M,  Lopez-Cueto  J  &  Gariglio  P  1988  In 
vivo  amplification  and  rearrangement  of  c-myc  oncogene  in 
human  breast  tirmors.  Journal  of  National  Cancer  Institute  80 
665-671. 

Bootsma  AH,  van  Eijck  C,  Schouten  KK,  Reubi  JC,  Waser  B, 
Foekens  JA,  van  Pel  R,  Zwarthoff  EC,  Lamberts  SW  &  de  Klein 
A  1993  Somatostatin  receptor-positive  primary  breast  tirmors: 
genetic,  patient  and  tumor  characteristics.  International  Journal 
of  Cancer  54  357-362. 

Borg  A,  Baldetorp  B,  Femo  M,  Olsson  H  &  Sigurdsson  H  1992 
c-myc  amplification  is  an  independent  prognostic  factor  in 
postmenopausal  breast  cancer.  International  Journal  of  Cancer 
51  687-691. 

Bouchard  C,  Staller  P  &  Eilers  M  1998  Control  of  cell 
proliferation  by  Myc.  Trends  in  Cell  Biology  8  202-206. 

Breuer  B,  DeVivo  I,  Luo  JC,  Smith  S,  Pincus  MR,  Tatum  AH, 
Daucher  J,  Minick  CR,  Miller  DO  &  Nowak  EJ  1994  erbB-2 
and  myc  oncoproteins  in  sera  and  tumors  of  breast  cancer 
patients.  Cancer  Epidemiology  Biomarkers  and  Prevention  3  63- 
66. 

Brotherick  I,  Shenton  BK,  Angus  B,  Waite  IS,  Home  CH  & 
Lennard  TW  1995  A  flow  cytometric  study  of  c-erbB-3 
expression  in  breast  cancer.  Cancer  Immunology, 

Immunotherapy  41  280-286. 

Cardiff  RD  &  Munn  RJ  1995  Comparative  pathology  of  mammary 
tumorigenesis  in  transgenic  mice.  Cancer  Letters  90  13-19, 

Cardiff  RD  &  Wellings  SR  1999  The  comparative  pathology  of 
human  and  mouse  mammary  glands.  Journal  of  Mammary 
Gland  Biology  and  Neoplasia  4  105-122. 

Cardiff  RD,  Sinn  E,  Muller  W  &  Leder  P  1991  Transgenic 
oncogene  mice.  Tumor  phenotype  predicts  genotype.  American 
Journal  of  Pathology  139  495-501. 

Cardiff  RD,  Anver  MR,  Gusterson  BA,  Hennighausen  L,  Jensen 
RA,  Merino  MJ,  Rehm  S,  Russo  J,  Tavassoli  FA,  Wakefield 
LM,  Ward  JM  &  Green  JE  2000  The  mammary  pathology  of 
genetically  engineered  mice:  the  consensus  report  and 
recommendations  from  the  Annapolis  meeting.  Oncogene  19 
968-988. 

Cariou  S,  Catzavelos  C  &  Slingerland  JM  1998  Prognostic 
implications  of  expression  of  the  cell  cycle  inhibitor  protein 
p27Kipl.  Breast  Cancer  Research  and  Treatment  52  29-41. 

Cauley  JA,  Lucas  FL,  Kuller  LH,  Stone  K,  Browner  W  & 
Cummings  SR  1999  Elevated  serum  estradiol  and  testosterone 
concentrations  are  associated  with  a  high  risk  for  breast  cancer. 
Study  of  the  Osteoporotic  Fractures  Research  Group.  Annals  of 
Internal  Medicine  130  270-277. 

Champeme  MH,  Bieche  I,  Hacene  K  &  Lidereau  R  1994a  Int-2/ 
FGF3  amplification  is  a  better  independent  predictor  of  relapse 
than  c-myc  and  c-erbB-2/neu  amplifications  in  primary  human 
breast  cancer.  Modern  Pathology  1  900-905. 

Champeme  MH,  Bieche  1,  Hacene  K  &  Lidereau  R  19946 
Oncogene  amplification  per  se:  an  independent  prognostic  factor 
in  human  breast  cancer.  Molecular  Carcinogenesis  11  189-191. 


Ghana  JS,  Cree  lA,  Foss  AJ,  Hungerford  JL  &  Wilson  GD  1998 
The  prognostic  significance  of  c-myc  oncogene  expression  in 
uveal  melanoma.  Melanoma  Research  8  139-144. 

Ghana  JS,  Wilson  GD,  Cree  lA,  Alexander  RA,  Myatt  N,  Neale  M, 
Foss  AJ  &  Hungerford  JL  1999  c-myc,  p53,  and  Bcl-2 
expression  and  clinical  outcome  in  uveal  melanoma.  British 
Journal  of  Ophthalmology  83  1 10-1 14. 

Chang  DW,  Claassen  GF,  Harm  SR  &  Cole  MD  2000  The  c-Myc 
transactivation  domain  is  a  direct  modulator  of  apoptotic  versus 
proliferative  signals.  Molecular  and  Cellular  Biology  20  4309- 
4319. 

Citro  G,  D’Agnano  I,  Leonetti  C,  Perini  R,  Bucci  B,  Zon  G, 
Calabretta  B  &  Zupi  G  1998  c-myc  antisense 
oligodeoxynucleotides  enhance  the  efficacy  of  cisplatin  in 
melanoma  chemotherapy  in  vitro  and  in  nude  mice.  Cancer 
Research  58  283-289. 

Claassen  GF  &  Hann  SR  1999  Myc-mediated  transformation:  the 
repression  connection.  Oncogene  18  2925-2933. 

Clarke  CL  &  Sutherland  RL  1 990  Progestin  regulation  of  cellular 
proliferation.  Endocrine  Reviews  11  266-301. 

Clevenger  CV,  Chang  WP,  Ngo  W,  Pasha  TL,  Montone  KT  & 
Tomaszewski  JE  1995  Expression  of  prolactin  and  prolactin 
receptor  in  human  breast  carcinoma.  Evidence  for  an  autocrine/ 
paracrine  loop.  American  Journal  of  Pathology  146  695-705. 

Cline  MJ,  Battifora  H  &  Yokota  J  1987  Proto-oncogene 
abnormalities  in  human  breast  cancer:  correlations  with  anatomic 
features  and  clinical  course  of  disease.  Journal  of  Clinical 
Oncology  5  999-1006. 

Cole  MD  &  McMahon  SB  1 999  The  Myc  oncoprotein:  a  critical 
evaluation  of  transactivation  and  target  gene  regulation. 

Oncogene  18  2916-2924. 

Coller  HA,  Grandori  C,  Tamayo  P,  Colbert  T,  Lander  ES, 

Eisenman  RN  &  Golub  TR  2000  Expression  analysis  with 
oligonucleotide  microarrays  reveals  that  MYC  regulates  genes 
involved  in  growth,  cell  cycle,  signaling,  and  adhesion.  PNAS  97 
3260-3265. 

Columbano  A  &  Shinozuka  H  1 996  Liver  regeneration  versus 
direct  hyperplasia.  FASEB  Journal  10  1118-1128. 

Coni  P,  Pichiri-Coni  G,  Curto  M,  Simbula  G,  Giacomini  L,  Sarma 
DS,  Ledda-Columbano  GM  &  Columbano  A  1993  Different 
effects  of  regenerative  and  direct  mitogenic  stimuli  on  the 
growth  of  initiated  cells  in  the  resistant  hepatocyte  model. 
Japanese  Journal  of  Cancer  Research  84  501-507. 

Contegiacomo  A,  Pizzi  C,  De  Marchis  L,  Alimandi  M,  Delrio  P, 

Di  Palma  E,  Petrella  G,  Ottini  L,  French  D  &  Frati  L  1995  High 
cell  kinetics  is  associated  with  amplification  of  the  int-2,  bcl-1, 
myc  and  erbB-2  proto-oncogenes  and  loss  of  heterozygosity  at 
the  DF3  locus  in  primary  breast  cancers.  International  Journal 
of  Cancer  61  1-6. 

Correnti  M,  Cavazza  ME,  Guedez  N,  Herrera  O  &  Suarez-Chacon 
NR  1995  Expression  of  the  multidrug-resistance  (MDR)  gene  in 
breast  cancer.  Journal  of  Chemotherapy  1  449—45 1 . 

Cory  S,  Vaux  DL,  Strasser  A,  Harris  AW  &  Adams  JM  1999 
Insights  from  Bcl-2  and  Myc:  malignancy  involves  abrogation 
of  apoptosis  as  well  as  sustained  proliferation.  Cancer  Research 
59  1685s-1692s. 

Courjal  F  &  Theillet  C  1997  Comparative  genomic  hybridization 
analysis  of  breast  tumors  with  predetermined  profiles  of  DNA 
amplification.  Cancer  Research  57  4368^377. 

Courjal  F,  Cuny  M,  Simony-Lafontaine  J,  Louason  G,  Speiser  P, 
Zeillinger  R,  Rodriguez  C  &  Theillet  C  1997  Mapping  of  DNA 
amplifications  at  15  chromosomal  localizations  in  1875  breast 


www.endocrinoIogy.org 


157 


Liao  and  Dickson:  c-Myc  in  breast  cancer 


tumors:  definition  of  phenotypic  groups.  Cancer  Research  S7 
4360-4367, 

Crowe  PD,  Buckley  AR,  Zorn  NE  &  Rui  H  1991  Prolactin 
activates  protein  kinase  C  and  stimulates  growth-related  gene 
expression  in  rat  liver.  Molecular  and  Cellular  Endocrinology  79 
29-35, 

Cuny  M,  Kramar  A,  Courjal  F,  Johannsdottir  V,  lacopetta  B, 
Fontaine  H,  Grenier  J,  Culine  S  &  Theillet  C  2000  Relating 
genotype  and  phenotype  in  breast  cancer:  an  analysis  of  the 
prognostic  significance  of  amplification  at  eight  different  genes 
or  loci  and  of  p53  mutations.  Cancer  Research  60  1077-1083, 

Daksis  JI,  Lu  RY,  Facchini  LM,  Marhin  WW  &  Perm  LJ  1994 
Myc  induces  cyclin  D1  expression  in  the  absence  of  de  novo 
protein  synthesis  and  links  mitogen-stimulated  signal 
transduction  to  the  cell  cycle.  Oncogene  9  3635-3645, 

Dang  CV  1999  c-Myc  target  genes  involved  in  cell  growth, 
apoptosis,  and  metabolism.  Molecular  and  Cellular  Biology  19 
1-11, 

Dang  CV,  Resar  LM,  Emison  E,  Kim  S,  Li  Q,  Prescott  JE, 

Wonsey  D  &  Zeller  K  1999  Function  of  the  c-Myc  oncogenic 
transcription  factor.  Experimental  Cell  Research  253  (si-ll . 

Dellas  A,  Schultheiss  E,  Leivas  MR,  Moch  H  &  Torhorst  J  1998 
Association  of  p27Kipl,  cyclin  E  and  c-myc  expression  with 
progression  and  prognosis  in  HPV-positive  cervical  neoplasms. 
Anticancer  Research  18  3991-3998, 

Deming  SL,  Nass  SJ,  Dickson  RB  &  Trock  BJ  2000  c-Myc 
amplification  in  breast  cancer:  a  meta-analysis  of  its  occurrence 
and  prognostic  relevance,  British  Journal  of  Cancer  In  Press. 

Deng  CX  &  Scott  F  2000  Role  of  the  tumor  suppressor  gene  Brcal 
in  genetic  stability  and  mammary  gland  tumor  formation. 
Oncogene  19  1059-1064, 

Di  Cristofano  A  &  Pandolfi  PP  2000  The  multiple  role  of  PTEN  in 
tumor  suppression.  Cell  100  387-390. 

Dickson  RB  &  Lippman  ME  1995  Growth  factors  in  breast  cancer. 
Endocrine  Reviews  16  559-589, 

Diebold  J,  Suchy  B,  Baretton  GB,  Blasenbreu  S,  Meier  W, 

Schmidt  M,  Rabes  H  &  Lohrs  U  1996  DNA  ploidy  and  MYC 
DNA  amplification  in  ovarian  carcinomas.  Correlation  with  p53 
and  bcl-2  expression,  proliferative  activity  and  prognosis. 
Virchows  Archiv  429  221-227. 

Dodge  AH,  Kirkman  H,  Rubinstein  LJ  &  Connell  GM  1976 
Histogenetic  and  morphological  in  vivo  and  in  vitro  data 
concerning  androgen-estrogen-induced  scent  gland  tumor  in  the 
Syrian  hamster.  Cancer  Research  36  3963-3972. 

Donjerkovic  D,  Zhang  L  &  Scott  DW  1999  Regulation  of  p27Kipl 
accumulation  in  murine  B-lymphoma  cells:  role  of  c-myc  and 
calcium.  Cell  Growth  and  Differentiation  10  695-704. 

Dubik  D  &  Shiu  RP  1992  Mechanism  of  estrogen  activation  of 
c-myc  oncogene  expression.  Oncogene  1  1587-1594. 

Elend  M  &  Eilers  M  1999  Cell  growth:  downstream  of  Myc  -  to 
grow  or  to  cycle?  Current  Biology  9  R936-R938. 

Elliott  K,  Sakamuro  D,  Basu  A,  Du  W,  Wutmer  W,  Staller  P, 
Gaubatz  S,  Zhang  H,  Prochownik  E,  Eilers  M  &  Prendergast  GC 
1999  Binl  functionally  interacts  with  Myc  and  inhibits  cell 
proliferation  via  multiple  mechanisms.  Oncogene  18  3564-3573. 

Elson  A,  Deng  C,  Campos-Torres  J,  Donehower  LA  &  Leder  P 
1995  The  MMTV/c-myc  transgene  and  p53  null  alleles 
collaborate  to  induce  T-cell  lymphomas,  but  not  mammary 
carcinomas  in  transgenic  mice.  Oncogene  11  181-190. 

Escot  C,  Theillet  C,  Lidereau  R,  Spyratos  F,  Champeme  MH,  Gest 
J  &  Callahan  R  1986  Genetic  alteration  of  the  c-myc 


protooncogene  (MYC)  in  human  primary  breast  carcinomas. 
PNAS  83  4834-4838. 

Escot  C,  Le  Roy  X,  Chalbos  D,  Joyeux  C,  Simonsen  E,  Daures  JP, 
Soussaline  F  &  Rochefort  H  1991  Computer-aided  quantification 
of  RNA  levels  detected  by  in  situ  hybridization  of  tissue 
sections.  Analytical  Cellular  Pathology  3  215-224. 

Escot  C,  Simony-Lafontaine  J,  Maudelonde  T,  Puech  C,  Pujol  H  & 
Rochefort  H  1993  Potential  value  of  increased  MYC  but  not 
ERBB2  RNA  levels  as  a  marker  of  high-risk  mastopathies 
[published  erratum  appears  in  Oncogene  1993  8  2023], 

Oncogene  8  969-91  A. 

Evan  GI,  Wyllie  AH,  Gilbert  CS,  Littlewood  TD,  Land  H,  Brooks 
M,  Waters  CM,  Penn  LZ  &  Hancock  DC  1992  Induction  of 
apoptosis  in  fibroblasts  by  c-myc  protein.  Cell  69  119-128, 

Facchini  LM  &  Penn  LZ  1998  The  molecular  role  of  Myc  in 
growth  and  transformation:  recent  discoveries  lead  to  new 
insights.  FASEB  Journal  12  633-651. 

Felsher  DW  &  Bishop  JM  1999  Transient  excess  of  MYC  activity 
can  elicit  genomic  instability  and  tumorigenesis.  PNAS  96  3940- 
3944. 

Fink  KL,  Wieben  ED,  Woloschak  GE  &  Spelsberg  TC  1988  Rapid 
regulation  of  c-myc  protooncogene  expression  by  progesterone  in 
the  avian  oviduct.  PNAS  85  1796-1800. 

Fukutomi  T,  Hirohashi  S,  Tsuda  H,  Nanasawa  T,  Yamamoto  H, 
Itabashi  M  &  Shimosato  Y  1991  The  prognostic  value  of 
tumor-associated  carbohydrate  structures  correlated  with  gene 
amplifications  in  human  breast  carcinomas.  Japanese  Journal  of 
Surgery  21  499-507. 

Gaffey  MJ,  Frierson  HFJ  &  Williams  ME  1993  Chromosome 
llql3,  c-erbB-2,  and  c-myc  amplification  in  invasive  breast 
carcinoma:  clinicopathologic  correlations.  Modern  Pathology  6 
654-659. 

Gandarillas  A  &  Watt  FM  1997  c-Myc  promotes  differentiation  of 
human  epidermal  stem  cells.  Genes  and  Development  11  2869- 
2882. 

Garcia  I,  Dietrich  PY,  Aapro  M,  Vauthier  G,  Vadas  L  &  Engel  E 
1989  Genetic  alterations  of  c-myc,  c-erbB-2,  and  c-Ha-ras 
protooncogenes  and  clinical  associations  in  human  breast 
carcinomas.  Cancer  Research  49  6675-6679. 

Garte  SJ  1993  The  c-myc  oncogene  in  tumor  progression.  Critical 
Reviews  in  Oncogenesis  4  435-449. 

Ghosh  AK,  Grigorieva  I,  Steele  R,  Hoover  RG  &  Ray  RB  1999 
PTEN  transcriptionally  modulates  c-myc  gene  expression  in 
human  breast  carcinoma  cells  and  is  involved  in  cell  growth 
regulation.  Gene  235  85-91, 

Gillett  C,  Smith  P,  Gregory  W,  Richards  M,  Millis  R,  Peters  G  & 
Barnes  D  1996  Cyclin  Dl  and  prognosis  in  human  breast  cancer. 
International  Journal  of  Cancer  69  92-99. 

Gillett  CE,  Smith  P,  Peters  G,  Lu  X  &  Barnes  DM  1999 
Cyclin-dependent  kinase  inhibitor  p27Kipl  expression  and 
interaction  with  other  cell  cycle-associated  proteins  in  mammary 
carcinoma.  Journal  of  Pathology  187  200-206. 

Grad  JM,  Dai  JL,  Wu  S  &  Bumstein  KL  1999  Multiple  androgen 
response  elements  and  a  Myc  consensus  site  in  the  androgen 
receptor  (AR)  coding  region  are  involved  in  androgen-mediated 
up-regulation  of  AR  messenger  RNA.  Molecular  Endocrinology 
13  1896-1911. 

Greenberg  RA,  O’Hagan  RC,  Deng  H,  Xiao  Q,  Hann  SR,  Adams 
RR,  Lichtsteiner  S,  Chin  L,  Morin  GB  &  DePinho  RA  1999 
Telomerase  reverse  transcriptase  gene  is  a  direct  target  of  c-Myc 
but  is  not  functionally  equivalent  in  cellular  transformation. 
Oncogene  18  1219-1226. 


158 


www.6ndocrinology.org 


Endocrine-Related  Cancer  (2000)  7  143-164 


Guerin  M,  Barrois  M,  Terrier  MJ,  Spielmann  M  &  Riou  G  1988 
Overexpression  of  either  c-myc  or  c-erbB-2/neu  proto-oncogenes 
in  human  breast  carcinomas:  correlation  with  poor  prognosis. 
Oncogene  Research  3  21-31. 

Guerin  M,  Sheng  ZM,  Andrieu  N  &  Riou  G  1990  Strong 

association  between  c-myb  and  oestrogen-receptor  expression  in 
human  breast  cancer.  Oncogene  5  131-135. 

Gunes  C,  Lichtsteiner  S,  Vasserot  AP  &  Englert  C  2000 
Expression  of  the  hTERT  gene  is  regulated  at  the  level  of 
transcriptional  initiation  and  repressed  by  Madl.  Cancer 
Researeh  60  2116-2121. 

Gutman  M,  Ravia  Y,  Assaf  D,  Yamamoto  T,  Rozin  R  &  Shiloh  Y 
1989  Amplification  of  c-myc  and  c-erbB-2  proto-oncogenes  in 
human  solid  tumors:  frequency  and  clinical  significance. 
International  Journal  of  Cancer  44  802-805. 

Hagiyama  H,  Adachi  T,  Yoshida  T,  Nomura  T,  Miyasaka  N, 

Honjo  T  &  Tsubata  T  1999  Signaling  through  the  antigen 
receptor  of  B  lymphocytes  activates  a  p53-independent  pathway 
of  c-Myc-induced  apoptosis.  Oncogene  18  4091-4098. 

Halter  SA,  Dempsey  P,  Matsui  Y,  Stokes  MK,  Graves-Deal  R, 
Hogan  BE  &  Coffey  RJ  1992  Distinctive  patterns  of  hyperplasia 
in  transgenic  mice  with  mouse  mammary  tumor  virus 
transforming  growth  factor-alpha.  Characterization  of  mammary 
gland  and  skin  proliferations.  American  Journal  of  Pathology 
140  1131-1146. 

Han  S,  Park  K,  Kim  HY,  Lee  MS,  Kim  HJ,  Kim  YD,  Yuh  YJ, 

Kim  SR  &  Suh  HS  2000  Clinical  implication  of  altered 
expression  of  Madl  protein  in  human  breast  carcinoma.  Cancer 
88  1  623-1632. 

Hankinson  SE,  Willett  WC,  Michaud  DS,  Manson  JE,  Colditz  GA, 
Longcope  C,  Rosner  B  &  Speizer  FE  1999  Plasma  prolactin 
levels  and  subsequent  risk  of  breast  cancer  in  postmenopausal 
women.  Journal  of  the  National  Cancer  Institute  91  629-634. 

Hannouche  N,  Samperez  S,  Riviere  MR  &  Jouan  P  1982  Estrogen 
and  progesterone  receptors  in  mammary  tumors  induced  in  rats 
by  simultaneous  administration  of  17  beta-estradiol  and 
progesterone.  Journal  of  Steroid  Biochemistry  17  415-419. 

Harada  Y,  Katagiri  T,  Ito  I,  Akiyama  F,  Sakamoto  G,  Kasumi  F, 
Nakamura  Y  &  Emi  M  1994  Genetic  studies  of  457  breast 
cancers.  Clinicopathologic  parameters  compared  with  genetic 
alterations.  Cancer  1 A  2281-2286. 

Hehir  DJ,  McGreal  G,  Kirwan  WO,  Kealy  W  &  Brady  MP  1993 
c-myc  oncogene  expression:  a  marker  for  females  at  risk  of 
breast  carcinoma.  Journal  of  Surgical  Oncology  54  207-209. 

Henderson  BE  &  Feigelson  HS  2000  Hormonal  carcinogenesis. 
Carcinogenesis  21  427-433. 

Henriksson  M  &  Luscher  B  1996  Proteins  of  the  Myc  network: 
essential  regulators  of  cell  growth  and  differentiation.  Advances 
in  Cancer  Research  68  109-182. 

Henry  JA,  Hennessy  C,  Levett  DL,  Leonard  TW,  Westley  BR  & 
May  FE  1993  int-2  amplification  in  breast  cancer:  association 
with  decreased  survival  and  relationship  to  amplification  of 
c-erbB-2  and  c-myc.  International  Journal  of  Cancer  53  774- 
780. 

Hermeking  H,  Rago  C,  Schuhmacher  M,  Li  Q,  Barrett  JF,  Obaya 
AJ,  O’Connell  BC,  Mateyak  MK,  Tam  W,  Kohlhuber  F,  Dang 
CV,  Sedivy  JM,  Eick  D,  Vogelstein  B  &  Kinzler  KW  2000 
Identification  of  CDK4  as  a  target  of  c-MYC.  PNAS  97  2229- 
2234. 

Hoeger  KM  &  Guzick  DS  1999  The  use  of  androgens  in 
menopause.  Clinical  Obstetrics  and  Gynecology  42  883-894. 


Hoffman  B  &  Liebermann  DA  1998  The  proto-oneogene  c-myc 
and  apoptosis.  Oncogene  17  3351-3357. 

Humphreys  RC  &  Hennighausen  L  2000  Transforming  growth 
factor  alpha  and  mouse  models  of  human  breast  cancer. 
Oncogene  19  1085-1091. 

Hundley  JE,  Koester  SK,  Troyer  DA,  Hilsenbeck  SG,  Barrington 
RE  &  Windle  JJ  1997  Differential  regulation  of  cell  cycle 
characteristics  and  apoptosis  in  MMTV-myc  and  MMTV-ras 
mouse  mammary  tumors.  Cancer  Research  57  600-603. 

Hyder  SM,  Stancel  GM  &  Loose-Mitchell  DS  1994  Steroid 
hormone-induced  expression  of  oncogene  encoded  nuclear 
proteins.  Critical  Reviews  in  Eukaryotic  Gene  Expression  4  55- 
116. 

Iritani  BM  &  Eiserrman  RN  1999  c-Myc  enhances  protein 
synthesis  and  cell  size  during  B  lymphocyte  development.  PNAS 
96  13180-13185. 

Ito  I,  Yoshimoto  M,  Iwase  T,  Watanabe  S,  Katagiri  T,  Harada  Y, 
Kasumi  F,  Yasuda  S,  Mitomi  T  &  Emi  M  1995  Association  of 
genetic  alterations  on  chromosome  17  and  loss  of  hormone 
receptors  in  breast  cancer.  British  Journal  of  Cancer  71  438- 
441. 

Jager  R,  Herzer  U,  Schenkel  J  &  Weiher  H  1997  Overexpression 
of  Bcl-2  inhibits  alveolar  cell  apoptosis  during  involution  and 
accelerates  c-myc-induced  tumorigenesis  of  the  mammary  gland 
in  transgenic  mice.  Oncogene  15  1787-1795. 

Janocko  LE,  Lucke  JF,  Groft  DW,  Brown  KA,  Smith  CA,  Pollice 
AA,  Singh  SG,  Yakulis  R,  Hartsock  RJ  &  Shackney  SE  1995 
Assessing  sequential  oncogene  amplification  in  human  breast 
cancer.  Cytometry  21  18-22. 

Jansen-Durr  P,  Meichle  A,  Steiner  P,  Pagano  M,  Finke  K,  Botz  J, 
Wessbecher  J,  Draetta  G  &  Eilers  M  1993  Differential 
modulation  of  cyclin  gene  expression  by  MYC.  PNAS  90  3685- 
3689. 

Johnston  LA,  Prober  DA,  Edgar  BA,  Eisenman  RN  &  Gallant  P 
1999  Drosophila  myc  regulates  cellular  growth  during 
development.  Cell  98  779-790. 

Jonsson  M,  Borg  A,  Nilbert  M  &  Andersson  T  2000  Involvement 
of  adenomatous  polyposis  coli  (APC)/beta-catenin  signalling  in 
human  breast  cancer.  European  Journal  of  Cancer  36  242-248. 

Kang  Y,  Cortina  R  &  Perry  RR  1 996  Role  of  c-myc  in 
tamoxifen-induced  apoptosis  estrogen-independent  breast  cancer 
cells.  Journal  of  the  National  Cancer  Institute  88  279-284. 

Kirkman  H  1 972  Hormone-related  tumors  in  Syrian  hamsters. 
Progress  in  Experimental  Tumor  Research  16  201-240. 

Kirkman  H  &  Algard  FT  1970a  Autonomous  variants  of  an 
androgen/estrogen-induced  and  -dependent  ductus  deferens 
leiomyosarcoma  of  the  Syrian  hamster.  Cancer  Research  30  35- 
40. 

Kirkman  H  &  Algard  FT  19706  Characteristics  of  an 
androgen-estrogen-induced  uterine  smooth  muscle  cell  tumor  of 
the  Syrian  hamster.  Cancer  Research  30  794-800. 

Kokontis  JM  &  Liao  S  1999  Molecular  action  of  androgen  in  the 
normal  and  neoplastic  prostate.  Vitamins  and  Hormones  55  219- 
307. 

Kokontis  J,  Takakura  K,  Hay  N  &  Liao  S  1994  Increased  androgen 
receptor  activity  and  altered  c-myc  expression  in  prostate  cancer 
cells  after  long-term  androgen  deprivation.  Cancer  Research  54 
1566-1573. 

Kononen  J,  Bubendorf  L,  Kallioniemi  A,  Barlund  M,  Scharaml  P, 
Leighton  S,  Torhorst  J,  Mihatsch  MJ,  Sauter  G  &  Kallioniemi 
OP  1998  Tissue  microarrays  for  high-throughput  molecular 
profiling  of  tumor  specimens.  Nature  Medicine  4  844-847. 


www.endocrinology.org 


159 


Liao  and  Dickson:  c-Myc  in  breast  cancer 


Kreipe  H,  Feist  H,  Fischer  L,  Feigner  J,  Fleidom  K,  Mettler  L  & 
Parwaresch  R  1993  Amplification  of  c-myc  but  not  of  c-erbB-2 
is  associated  with  high  proliferative  capacity  in  breast  cancer. 
Cancer  Research  53  1956-1961. 

Kyo  S,  Takakura  M,  Kanaya  T,  Zhuo  W,  Fujrmoto  K,  Nishio  Y, 
Orimo  A  &  Inoue  M  1999  Estrogen  activates  telomerase. 

Cancer  Research  59  5917-5921. 

Kyo  S,  Takakura  M,  Taira  T,  Kanaya  T,  Itoh  FI,  Yutsudo  M,  Ariga 
H  &  Inoue  M  2000  Spl  cooperates  with  c-Myc  to  activate 
transcription  of  the  human  telomerase  reverse  transcriptase  gene 
(hTERT).  Nucleic  Acids  Research  28  669-677. 

de  La  CA,  Mignon  A,  Fabre  M,  Gilbert  E,  Porteu  A,  Van  Dyke  T, 
Kahn  A  &  Perret  C  1999  Paradoxical  inhibition  of 
c-myc-induced  carcinogenesis  by  Bcl-2  in  transgenic  mice. 
Cancer  Research  59  5017-5022. 

Le  MG,  Mathieu  MC,  Douc-Rasy  S,  Le  Bihan  ML,  Adb  El  All  H, 
Spielmann  M  &  Riou  G  1999  c-myc,  p53  and  bcl-2, 
apoptosis-related  genes  in  infiltrating  breast  carcinomas: 
evidence  of  a  link  between  bcl-2  protein  over-expression  and  a 
lower  risk  of  metastasis  and  death  in  operable  patients. 
International  Journal  of  Cancer  84  562-567. 

Le  Roy  X,  Escot  C,  Brouillet  JP,  Theillet  C,  Maudelonde  T, 
Simony-Lafontaine  J,  Pujol  H  &  Rochefort  H  1991  Decrease  of 
c-erbB-2  and  c-myc  RNA  levels  in  tamoxifen-treated  breast 
cancer.  Oncogene  6  431-437. 

Lee  YJ,  Galoforo  SS.  Bems  CM,  Tong  WP,  Kim  HR  &  Corry  PM 
1997  Glucose  deprivation-induced  cytotoxicity  in  dmg  resistant 
human  breast  carcinoma  MCF-7/ADR  cells:  role  of  c-myc  and 
bcl-2  in  apoptotic  cell  death.  Journal  of  Cell  Science  110  681- 
686. 

Leong  AC,  Hanby  AM,  Potts  HW,  Tan  DS,  Skilton  D,  Ryder  K, 
Harris  WH,  Liebmann  RD,  Barnes  DM  &  Gillett  CE  2000  Cell 
cycle  proteins  do  not  predict  outcome  in  grade  I  infiltrating 
ductal  carcinoma  of  the  breast.  International  Journal  of  Cancer 
89  26-31. 

Liao  DZ,  Pantazis  CG,  Hou  X  &  Li  S A  1998  Promotion  of 
estrogen-induced  mammary  gland  carcinogenesis  by  androgen  in 
the  male  Noble  rat:  probable  mediation  by  steroid  receptors. 
Carcinogenesis  19  2173-2180. 

Liao  DJ,  Natarajan  G,  Deming  SL,  Jamerson  MH,  Johnson  M, 
Chepko  G  &  Dickson  RB  2000  Cell  cycle  basis  for  the  onset 
and  progression  of  c-Myc-induced,  TGFalpha-enhanced  mouse 
mammary  gland  carcinogenesis.  Oncogene  19  1307-1317. 

Lin  SY,  Xia  W,  Wang  JC,  Kwong  KY,  Spohn  B,  Wen  Y,  Pestell 
RG  &  Hung  MC  2000  Beta-catenin,  a  novel  prognostic  marker 
for  breast  cancer:  its  roles  in  cyclin  D1  expression  and  cancer 
progression.  PNAS  97  4262-4266. 

Lizard-Nacol  S,  Lidereau  R,  Collin  F,  Amal  M,  Hahnel  L,  Roignot 
P,  Cuisenier  J  &  Guerrin  J  1995  Benign  breast  disease:  absence 
of  genetic  alterations  at  several  loci  implicated  in  breast  cancer 
malignancy.  Cancer  Research  55  4416-4419. 

Locker  AP,  Dowle  CS,  Ellis  10,  Elston  CW,  Blarney  RW,  Sikora 
K,  Evan  G  &  Robins  RA  1989  c-myc  oncogene  product 
expression  and  prognosis  in  operable  breast  cancer.  British 
Journal  of  Cancer  60  669-672. 

Loftier  M,  Ausserlechner  MJ,  Tonko  M,  Hartmann  BL,  Bernhard 
D,  Geley  S,  Helmberg  A  &  Kofler  R  1999  c-Myc  does  not 
prevent  glucocorticoid-induced  apoptosis  of  human  leukemic 
lymphoblasts.  Oncogene  18  4626-A631. 

Lonn  U,  Lonn  S,  Nilsson  B  &  Stenkvist  B  1995  Prognostic  value 
of  erb-B2  and  myc  amplification  in  breast  cancer  imprints. 

Cancer  75  2681-2687. 


Lopez-Otin  C  &  Diamandis  EP  1998  Breast  and  prostate  cancer: 
an  analysis  of  common  epidemiological,  genetic,  and 
biochemical  features.  Endocrine  Reviews  19  365-396. 

Lowe  SW  &  Lin  AW  2000  Apoptosis  in  cancer.  Carcinogenesis 
21  485^95. 

McCormack  SJ,  Weaver  Z,  Deming  S,  Natarajan  G,  Torri  J, 
Johnson  MD,  Liyanage  M,  Ried  T  &  Dickson  RB  1998  Myc/ 
p53  interactions  in  transgenic  mouse  mammary  development, 
tumorigenesis  and  chromosomal  instability.  Oncogene  16  2755- 
2766. 

Machotka  SV,  Garrett  CT,  Schwartz  AM  &  Callahan  R  1989 
Amplification  of  the  proto-oncogenes  int-2,  c-erb  B-2  and  c-myc 
in  human  breast  cancer.  Clinica  Chimica  Acta  184  207-217. 

McMahon  SB,  Van  Buskirk  HA,  Dugan  KA,  Copeland  TD  &  Cole 
MD  1998  The  novel  ATM-related  protein  TRRAP  is  an  essential 
cofactor  for  the  c-Myc  and  E2F  oncoproteins.  Cell  94  363-374. 

Mai  S  1994  Overexpression  of  c-myc  precedes  amplification  of  the 
gene  encoding  dihydrofolate  reductase.  Gene  148  253-260. 

Mai  S,  Fluri  M,  Siwarski  D  &  Huppi  K  1996  Genomic  instability 
in  MycER-activated  Rati  A-MycER  cells.  Chromosome 
Research  4  365-371. 

Marhin  WW,  Chen  S,  Facchini  LM,  Fomace  AJJ  &  Penn  LZ  1997 
Myc  represses  the  growth  arrest  gene  gadd45.  Oncogene  14 
2825-2834. 

Mariani-Costantini  R,  Escot  C,  Theillet  C,  Gentile  A,  Merlo  G, 
Lidereau  R  &  Callahan  R  1988  In  situ  c-myc  expression  and 
genomic  status  of  the  c-myc  locus  in  infiltrating  ductal 
carcinomas  of  the  breast.  Cancer  Research  48  199-205. 

Meyers  SL,  O’Brien  MT,  Smith  T  &  Dudley  JP  1990  Analysis  of 
the  int-1,  int-2,  c-myc,  and  neu  oncogenes  in  human  breast 
carcinomas.  Cancer  Research  50  5911-5918. 

Miller  TL,  Huzel  NJ,  Davie  JR  &  Murphy  LC  1993  C-myc  gene 
chromatin  of  estrogen  receptor-positive  and  -negative  breast 
cancer  cells.  Molecular  and  Cellular  Endocrinology  91  83-89. 

Mimori  K,  Mori  M,  Shiraishi  T,  Tanaka  S,  Haraguchi  M,  Ueo  H, 
Shirasaka  C  &  Akiyoshi  T  1998  Expression  of  ornithine 
decarboxylase  mRNA  and  c-myc  mRNA  in  breast  tumours. 
International  Journal  of  Oncology  12  597-601. 

Mitchell  KO  &  El-Deiry  WS  1999  Overexpression  of  c-Myc 
inhibits  p21WAFl/CIPl  expression  and  induces  S-phase  entry  in 
12-0-tetradecanoylphorbol-13-acetate  (TPA)-sensitive  human 
cancer  cells.  Cell  Growth  and  Differentiation  10  223-230. 

Mizukami  Y,  Nonomura  A,  Noguchi  M,  Taniya  T,  Koyasaki  N, 
Saito  Y,  Hashimoto  T,  Matsubara  F  &  Yanaihara  N  1991 
Immunohistochemical  study  of  oncogene  product  ras  p21,  c-myc 
and  growth  factor  EGF  in  breast  carcinomas.  Anticancer 
Research  11  1485-1494. 

Moore  MR,  Zhou  JL,  Blankenship  KA,  Strobl  JS,  Edwards  DP  & 
Gentry  RN  1997  A  sequence  in  the  5'  flanking  region  confers 
progestin  responsiveness  on  the  human  c-myc  gene.  Journal  of 
Steroid  Biochemistry  and  Molecular  Biology  62  243-252. 

Morrison  BW  &  Leder  P  1994  neu  and  ras  initiate  murine 
mammary  tumors  that  share  genetic  markers  generally  absent  in 
c-myc  and  int-2-initiated  tumors.  Oncogene  9  3417-3426. 

Morse  B,  Rotherg  PG,  South  VJ,  Spandorfer  JM  &  Astrin  SM 
1988  Insertional  mutagenesis  of  the  myc  locus  by  a  LINE-1 
sequence  in  a  human  breast  carcinoma.  Nature  333  87-90. 

Muller  WJ,  Sinn  E,  Pattengale  PK,  Wallace  R  &  Leder  P  1988 
Single-step  induction  of  mammary  adenocarcinoma  in  transgenic 
mice  bearing  the  activated  c-neu  oncogene.  Cell  54  105-115. 

Musgrove  EA,  Lee  CS  &  Sutherland  RL  1991  Progestins  both 
stimulate  and  inhibit  breast  cancer  cell  cycle  progression  while 


160 


www.endocrinology.org 


Endocrine-Related  Cancer  (2000)  7  143-164 


increasing  expression  of  transforming  growth  factor  alpha, 
epidermal  growth  factor  receptor,  c-fos,  and  c-myc  genes. 
Molecular  and  Cellular  Biology  11  5032-5043. 

Musgrove  EA,  Swarbrick  A,  Lee  CS,  Cornish  AL  &  Sutherland 
RL  1998  Mechanisms  of  cyclin-dependent  kinase  inactivation  by 
progestins.  Molecular  and  Cellular  Biology  18  1812-1825. 

Nagai  MA,  Marques  LA,  Yamamoto  L,  Fujiyama  CT  &  Brentani 
MM  1994  Estrogen  and  progesterone  receptor  mRNA  levels  in 
primary  breast  cancer:  association  with  patient  survival  and  other 
clinical  and  tumor  features.  International  Journal  of  Cancer  59 
351-356. 

Nagayama  K  &  Watatani  M  1993  Analysis  of  genetic  alterations 
related  to  the  development  and  progression  of  breast  carcinoma. 
Japanese  Journal  of  Cancer  Research  84  1159-1 164. 

Nass  SJ  &  Dickson  RB  1997  Defining  a  role  for  c-Myc  in  breast 
tumorigenesis.  Breast  Cancer  Research  and  Treatment  44  1-22. 

Nesbit  CE,  Tersak  JM  &  Prochownik  EV  1999  MYC  oncogenes 
and  human  neoplastic  disease.  Oncogene  18  3004-3016. 

Nielsen  NH,  Amerlov  C,  Emdin  SO  &  Landberg  G  1996  Cyclin  E 
overexpression,  a  negative  prognostic  factor  in  breast  cancer 
with  strong  correlation  to  oestrogen  receptor  status.  British 
Journal  of  Cancer  74  874—880. 

Nielsen  NH,  Amerlov  C,  Cajander  S  &  Landberg  G  1998  Cyclin  E 
expression  and  proliferation  in  breast  cancer.  Analytical  Cellular 
Pathology  17  177-188. 

Norman  JT,  Bohman  RE,  Fischmann  G,  Bowen  JW,  McDonough 
A,  Slamon  D  &  Fine  LG  1988  Patterns  of  mRNA  expression 
during  early  cell  growth  differ  in  kidney  epithelial  cells  destined 
to  undergo  compensatory  hypertrophy  versus  regenerative 
hyperplasia.  PNAS  85  6768-6772. 

Nupponen  NN,  Porkka  K,  Kakkola  L,  Tanner  M,  Persson  K,  Borg 
A,  Isola  J  &  Visakorpi  T  1999  Amplification  and  overexpression 
of  p40  subunit  of  eukaryotic  translation  initiation  factor  3  in 
breast  and  prostate  cancer.  American  Journal  of  Pathology  154 
1777-1783. 

Obaya  AJ,  Mateyak  MK  &  Sedivy  JM  1999  Mysterious  liaisons: 
the  relationship  between  c-Myc  and  the  cell  cycle.  Oncogene  18 
2934-2941. 

Oh  S,  Song  YH,  Kim  UJ,  Yim  J  &  Kim  TK  1999  In  vivo  and  in 
vitro  analyses  of  Myc  for  differential  promoter  activities  of  the 
human  telomerase  (hTERT)  gene  in  normal  and  tumor  cells. 
Biochemical  and  Biophysical  Research  Communications  263 
361-365. 

Oh  S,  Song  YH,  Yim  J  &  Kim  TK  2000  Identification  of  Mad  as  a 
repressor  of  the  human  telomerase  (hTERT)  gene.  Oncogene  19 
1485-1490. 

Ottestad  L,  Andersen  TI,  Nesland  JM,  Skrede  M,  Tveit  KM, 

Nustad  K  &  Borresen  AL  1993  Amplification  of  c-erbB-2,  int-2 
and  c-myc  genes  in  node-negative  breast  carcinomas. 

Relationship  to  prognosis.  Acta  Oncologica  32  289-294. 

Packham  G  &  Cleveland  JL  1995  c-Myc  and  apoptosis. 

Biochimica  et  Biophysica  Acta  1242  1 1-28. 

Panico  L,  D’Antonio  A,  Salvatore  G,  Mezza  E,  Tortora  G,  De 
Laurentiis  M,  De  Placido  S,  Giordano  T,  Merino  M,  Salomon 
DS,  Mullick  WJ,  Pettinato  G,  Schnitt  SJ,  Bianco  AR  & 

Ciardiello  F  1996  Differential  immunohistochemical  detection  of 
transforming  growth  factor  alpha,  amphiregulin  and  CRIPTO  in 
human  normal  and  malignant  breast  tissues.  International 
Journal  of  Cancer  65  51-56. 

Paterson  MC,  Dietrich  KD,  Danyluk  J,  Paterson  AH,  Lees  AW, 
Jamil  N,  Hanson  J,  Jenkins  H,  Krause  BE  &  McBlain  WA  1991 
Correlation  between  c-erbB-2  amplification  and  risk  of  recurrent 


disease  in  node-negative  breast  cancer.  Cancer  Research  51 
556-567. 

Pavelic  ZP,  Steele  P  &  Preisler  HD  1991  Evaluation  of  c-myc 
proto-oncogene  in  primary  human  breast  carcinomas.  Anticancer 
Research  11  1421-1427. 

Pavelic  ZP,  Pavelic  L,  Lower  EE,  Gapany  M,  Gapany  S,  Barker 
EA  &  Preisler  HD  1992a  c-myc,  c-erbB-2,  and  Ki-67 
expression  in  normal  breast  tissue  and  in  invasive  and 
noninvasive  breast  carcinoma.  Cancer  Research  52  2597-2602. 

Pavelic  ZP,  Pavelic  K,  Carter  CP  &  Pavelic  L  19926  Heterogeneity 
of  c-myc  expression  in  histologically  similar  infiltrating  ductal 
carcinomas  of  the  breast.  Journal  of  Cancer  Research  and 
Clinical  Oncology  118  16-22. 

Pechoux  C,  Chardonnet  Y,  Chignol  MC  &  Noel  P  1994 
Heterogeneous  immunoreactivity  of  Irozen  human  benign  and 
malignant  breast  lesions  to  C-MYC  and  C-Ha-ras  cellular 
oncogenes.  Histology  and  Histopathology  9  35^4. 

Perez-Roger  1,  Kim  SH,  Griffiths  B,  Sewing  A  &  Land  H  1999 
Cyclins  D1  and  D2  mediate  myc-induced  proliferation  via 
sequestration  of  p27(Kipl)  and  p21(Cipl).  EMBO  Journal  18 
5310-5320. 

Persons  DL,  Borelli  KA  &  Hsu  PH  1997  Quantitation  of  HER-2/ 
neu  and  c-myc  gene  amplification  in  breast  carcinoma  using 
fluorescence  in  situ  hybridization.  Modern  Pathology  10  720- 
1X1. 

Pertschuk  LP,  Feldman  JG,  Kim  DS,  Nayeri  K,  Eisenberg  KB, 
Carter  AC,  Thelmo  WT,  Rhong  ZT,  Berm  P  &  Grossman  A 
1993  Steroid  hormone  receptor  immunohistochemistry  and 
amplification  of  c-myc  protooncogene.  Relationship  to 
disease-free  survival  in  breast  cancer.  Cancer  71  162-171. 

Philipp  A,  Schneider  A,  Vasrik  1,  Finke  K,  Xiong  Y,  Beach  D, 
Alitalo  K  &  Eilers  M  1994  Repression  of  cyclin  Dl:  a  novel 
function  of  MYC.  Molecular  and  Cellular  Biology  14  4032- 
4043. 

Pietilainen  T,  Lipponen  P,  Aaltomaa  S,  Eskelinen  M,  Kosma 
VM  &  Syrjanen  K  1 995  Expression  of  c-myc  proteins  in  breast 
cancer  as  related  to  established  prognostic  factors  and  survival. 
Anticancer  Research  15  959-964. 

Polacarz  SV,  Hey  NA,  Stephenson  TJ  &  Hill  AS  1989  C-myc 
oncogene  product  ?62c-myc  in  ovarian  mucinous  neoplasms: 
immunohistochemical  study  correlated  with  malignancy.  Journal 
of  Clinical  Pathology  42  148-152. 

Prall  OW,  Rogan  EM,  Musgrove  EA,  Watts  CK  &  Sutherland  RL 
1998  c-Myc  or  cyclin  Dl  mimics  estrogen  effects  on  cyclin 
E-Cdk2  activation  and  cell  cycle  reentry.  Molecular  and  Cellular 
Biology  18  4499-4508. 

Prendergast  GC  1999  Mechanisms  of  apoptosis  by  c-Myc. 

Oncogene  18  2967-2987. 

Putney  SD,  Brown  J,  Cucco  C,  Lee  R,  Skorski  T,  Leonetti  C, 

Geiser  T,  Calabretta  B,  Zupi  G  &  Zon  G  1999  Enhanced 
anti-tumor  effects  with  microencapsulated  c-myc  antisense 
oligonucleotide.  Antisense  and  Nucleic  Acid  Drug  Development 
9  451-458. 

Rao  JY,  Apple  SK,  Jin  Y,  Lin  S,  Nieberg  RK  &  Hirtschowitz  SL 
2000  Comparative  polymerase  chain  reaction  analysis  of  c-myc 
amplification  on  archival  breast  fine-needle  aspiration  materials. 
Cancer  Epidemiology,  Biomarkers  and  Prevention  9  175-179. 

Ried  T,  Just  KE,  Holtgreve-Grez  H,  du  Manoir  S,  Speicher  MR, 
Schrock  E,  Latham  C,  Blegen  H,  Zetterberg  A  &  Cremer  T 
1995  Comparative  genomic  hybridization  of  formalin-fixed, 
paraffin-embedded  breast  tumors  reveals  different  patterns  of 


www.endocrinology.org 


161 


Liao  and  Dickson:  c-Myc  in  breast  cancer 


chromosomal  gains  and  losses  in  fibroadenomas  and  diploid  and 
aneuploid  carcinomas.  Cancer  Research  55  5415-5423. 

Rose-Hellekant  TA  &  Sandgren  EP  2000  Transforming  growth 
factor  alpha-  and  c-myc-induced  mammary  carcinogenesis  in 
transgenic  mice.  Oncogene  19  1092-1096. 

Roux-Dosseto  M,  Remain  S,  Dussault  N,  Desideri  C,  Piana  L, 
Botmier  P,  Tubiana  N  &  Martin  PM  1992  c-myc  gene 
amplification  in  selected  node-negative  breast  cancer  patients 
correlates  with  high  rate  of  early  relapse.  European  Journal  of 
Cancer  28A  1600-1604. 

Royds  JA,  Sharrard  RM,  Wagner  B  &  Polacarz  SV  1992  Cellular 
localisation  of  c-myc  product  in  human  colorectal  epithelial 
neoplasia.  Journal  of  Pathology  166  225-233. 

Rupnow  BA,  Murtha  AD,  Alarcon  RM,  Giaccia  AJ  &  Knox  SJ 
1998  Direct  evidence  that  apoptosis  enhances  tumor  responses  to 
fractionated  radiotherapy.  Cancer  Research  58  1779-1784. 

Ryan  KM  &  Bimie  GD  1996  Myc  oncogenes:  the  enigmatic 
family.  Biochemical  Journal  314  713-721. 

Saccani  JG,  Fontanesi  M,  Bombardieri  E,  Gabrielli  M,  Veronesi  P, 
Bianchi  M,  Becchi  G,  Bogni  A  &  Tardini  A  1992  Preliminary 
study  on  oncogene  product  immunohistochemistry  (c-erbB-2, 
c-myc,  ras  p21,  EGER)  in  breast  pathology.  International 
Journal  of  Biological  Markers  7  35^2. 

Sakamuro  D  &  Prendergast  GC  1999  New  Myc-interacting 
proteins:  a  second  Myc  network  emerges.  Oncogene  18  2942- 
2954. 

Sandgren  EP,  Luetteke  NC,  Palmiter  RD,  Brinster  RL  &  Lee  DC 
1990  Overexpression  of  TGF  alpha  in  transgenic  mice:  induction 
of  epithelial  hyperplasia,  pancreatic  metaplasia,  and  carcinoma 
of  the  breast.  Cell  61  1121-1135. 

Sandgren  EP,  Schroeder  JA,  Qui  TH,  Palmiter  RD,  Brinster  RL  & 
Lee  DC  1995  Inhibition  of  mammary  gland  involution  is 
associated  with  transforming  growth  factor  alpha  but  not 
c-myc-induced  tumorigenesis  in  nansgenic  mice.  Cancer 
Research  55  3915-3927. 

Santoni-Rugiu  E,  Jensen  MR  &  Thorgeirsson  SS  1998  Disruption 
of  the  pRb/E2F  pathway  and  inhibition  of  apoptosis  are  major 
oncogenic  events  in  liver  constitutively  expressing  c-myc  and 
transforming  growth  factor  alpha.  Cancer  Research  58  123-134. 

Sasano  H,  Frost  AR,  Saitoh  R,  Taniyama  Y,  Nagura  H,  Matsunaga 
G,  Takehana  K,  Kimura  M  &  Silverberg  SG  1997 
Immunolocalization  of  cyclins  D  and  E  and  cyclin  dependent 
kinase  (cdk)  2  and  4  in  human  breast  carcinoma.  Anticancer 
Research  17  3685-3690. 

Schmidt  EV  1999  The  role  of  c-myc  in  cellular  growth  control. 
Oncogene  18  2988-2996. 

Schraml  P,  Kononen  J,  Bubendorf  L,  Moch  H,  Bissig  H,  Nocito  A, 
Mihatsch  MJ,  Kallioniemi  OP  &  Sauter  G  1999  Tissue 
microarrays  for  gene  amplification  surveys  in  many  different 
tumor  types.  Clinical  Cancer  Research  5  1966-1975. 

Schuchard  M,  Landers  JP,  Sandhu  NP  &  Spelsberg  TC  1993 
Steroid  hormone  regulation  of  nuclear  proto-oncogenes. 

Endocrine  Reviews  14  659-669. 

Schuhmacher  M,  Staege  MS,  Pajic  A,  Polack  A,  Weidle  UH, 
Bomkamm  GW,  Eick  D  &  Kohihuber  F  1999  Control  of  cell 
growth  by  c-Myc  in  the  absence  of  cell  division.  Current 
Biology  9  1255-1258. 

Scorilas  A,  Trangas  T,  Yotis  J,  Pateras  C  &  Talieri  M  1999 
Determination  of  c-myc  amplification  and  overexpression  in 
breast  cancer  patients:  evaluation  of  its  prognostic  value  against 
c-erbB-2,  cathepsin-D  and  clinicopathological  characteristics 


using  univariate  and  multivariate  analysis.  British  Journal  of 
Cancer  81  1385-1391. 

Scott  KA  &  Walker  RA  1997  Lack  of  cyclin  E  immunoreactivity 
in  non-malignant  breast  and  association  with  proliferation  in 
breast  cancer.  British  Journal  of  Cancer  76  1288-1292. 

Sears  R,  Ohtani  K  &  Kevins  JR  1997  Identification  of  positively 
and  negatively  acting  elements  regulating  expression  of  the 
E2F2  gene  in  response  to  cell  growth  signals.  Molecular  and 
Cellular  Biology  17  5227-5235. 

Serrano  M,  Lin  AW,  McCurrach  ME,  Beach  D  &  Lowe  SW  1997 
Oncogenic  ras  provokes  premature  cell  senescence  associated 
with  accumulation  of  p53  and  pl6INK4a.  Cell  88  593-602. 

Sheen  J-H  &  Dickson  RB  2000  Deregulated  c-Myc  induces 
alteration  of  DNA  damage-dependent  Gl/S  checkpoint  in  human 
mammary  epithelial  cells.  Proceedings  of  the  American 
Association  of  Cancer  Research  41  438. 

Shi  Y,  Glynn  JM,  Guilbert  LJ,  Cotter  TG,  Bissonnette  RP  &  Green 
DR  1992  Role  for  c-myc  in  activation-induced  apoptotic  cell 
death  in  T  cell  hybridomas.  Science  257  212-214. 

Shiu  RP,  Watson  PFI  &  Dubik  D  1993  c-myc  oncogene  expression 
in  estrogen-dependent  and  -independent  breast  cancer.  Clinical 
Chemistry  39  353-355. 

Sierra  A,  Castellsague  X,  Escobedo  A,  Moreno  A,  Drudis  T  & 
Fabra  A  1999  Synergistic  cooperation  between  c-Myc  and  Bcl-2 
in  lymph  node  progression  of  T1  human  breast  carcinomas. 
Breast  Cancer  Research  and  Treatment  54  39-45. 

Sierra  A,  Castellsague  X,  Escobedo  A,  Lloveras  B,  Garcia-Ramirez 
M,  Moreno  A  &  Fabra  A  2000  Bcl-2  with  loss  of  apoptosis 
allows  accumulation  of  genetic  alterations:  a  pathway  to 
metastatic  progression  in  human  breast  cancer.  International 
Journal  of  Cancer  89  142-147. 

Sikora  K,  Evan  G,  Stewart  J  &  Watson  JV  1985  Detection  of  the 
c-myc  oncogene  product  in  testicular  cancer.  British  Journal  of 
Cancer  SI  171-176. 

Sikora  K,  Chan  S,  Evan  G,  Gabra  H,  Markham  N,  Stewart  J  & 
Watson  J  1 987  c-myc  oncogene  expression  in  colorectal  cancer. 
Cancer  59  1289-1295. 

Sinn  E,  Muller  W,  Pattengale  P,  Tepler  I,  Wallace  R  &  Leder  P 
1987  Coexpression  of  MMTV/v-Ha-ras  and  MMTV/c-myc  genes 
in  transgenic  mice:  synergistic  action  of  oncogenes  in  vivo.  Cell 
49  465^75. 

Smith  DR  &  Goh  HS  1996  Overexpression  of  the  c-myc 
proto-oncogene  in  colorectal  carcinoma  is  associated  with  a 
reduced  mortality  that  is  abrogated  by  point  mutation  of  the  p53 
tumor  suppressor  gene.  Clinical  Cancer  Research  2  1049-1053. 

Soengas  MS,  Alarcon  RM,  Yoshida  H,  Giaccia  AJ,  Flakem  R,  Mak 
TW  &  Lowe  SW  1999  Apaf-1  and  caspase-9  in  p53-dependent 
apoptosis  and  tumor  inhibition.  Science  284  156-159. 

Soini  Y,  Mannermaa  A,  Winqvist  R,  Kamel  D,  Poikonen  K, 
Kiviniemi  H  &  Paakko  P  1994  Application  of  fine-needle 
aspiration  to  the  demonstration  of  ERBB2  and  MYC  expression 
by  in  situ  hybridization  in  breast  carcinoma.  Journal  of 
Histochemistry  and  Cytochemistry  42  795-803. 

Spandidos  DA,  Pintzas  A,  Kakkanas  A,  Yiagnisis  M,  Mahera  H, 
Patra  E  &  Agnantis  NJ  1987  Elevated  expression  of  the  myc 
gene  in  human  benign  and  malignant  breast  lesions  compared 
with  normal  tissue.  Anticancer  Research  7  1299-1304. 

Spandidos  DA,  Field  JK,  Agnantis  NJ,  Evan  GI  &  Moore  JP 
1989a  Fligh  levels  of  c-myc  protein  in  human  breast  tumours 
determined  by  a  sensitive  ELISA  technique.  Anticancer 
Research  9  821-826. 


162 


www.endocrinology.org 


Endocrine-Related  Cancer  {2000)  7  143-164 


Spandidos  DA,  Yiagnisis  M,  Papadimitriou  K  &  Field  JK  19896 
ras,  c-myc  and  c-erbB-2  oncoproteins  in  human  breast  cancer. 
Anticancer  Research  9  1385-1393. 

Spaventi  R,  Kamenjicki  E,  Pecina  N,  Grazio  S,  Pavelic  J,  Kusic  B, 
Cvrtila  D,  Danilovic  Z  &  Spaventi  S  1994  Immunohistochemical 
detection  of  TGF-alpha,  EGF-R,  c-erbB-2,  c-H-ras,  c-myc, 
estrogen  and  progesterone  in  benign  and  malignant  human  breast 
lesions:  a  concomitant  expression.  In  Vivo  8  183-189, 

Spicer  DB  &  Sonenshein  GE  1992  An  antisense  promoter  of  the 
murine  c-myc  gene  is  localized  within  intron  2.  Molecular  and 
Cellular  Biology  12  1324-1329. 

Spotts  GD,  Patel  SV,  Xiao  Q  &  Harm  SR  1997  Identification  of 
downstream-initiated  c-Myc  proteins  which  are 
dominant-negative  inhibitors  of  transactivation  by  full-length 
c-Myc  proteins.  Molecular  and  Cellular  Biology  17  1459-1468. 

Stanta  G,  Bonin  S,  Losi  L  &  Eusebi  V  1998  Molecular 
characterization  of  intraductal  breast  carcinomas.  Virchows 
Archiv  432  107-111. 

Stewart  TA,  Pattengale  PK  &  Leder  P  1984  Spontaneous 
mammary  adenocarcinomas  in  transgenic  mice  that  carry  and 
express  MTV/myc  fusion  genes  Cell  38  627-637. 

Suen  TC  &  Hung  MC  1991  c-myc  reverses  neu-induced 
transformed  morphology  by  transcriptional  repression.  Molecular 
and  Cellular  Biology  11  354-362. 

Tang  RP,  Kacinski  B,  Validire  P,  Beuvon  F,  Sastre  X,  Benoit  P, 
dela  Rochefordiere  A,  Mosseri  V,  Pouillart  P  &  Scholl  S  1990 
Oncogene  amplification  correlates  with  dense  lymphocyte 
infiltration  in  human  breast  cancers:  a  role  for  hematopoietic 
growth  factor  release  by  tumor  cells?  Journal  of  Cellular 
Biochemistry  189-198. 

Tarmer  B,  Hengstler  JG,  Luch  A,  Meinert  R,  Kreutz  E,  Arand  M, 
Wilkens  C,  Hofinann  M,  Oesch  F,  Knapstein  PG  &  Becker  R 
1998  C-myc  mRNA  expression  in  epithelial  ovarian  carcinomas 
in  relation  to  estrogen  receptor  status,  metastatic  spread,  survival 
time,  FIGO  stage,  and  histologic  grade  and  type.  International 
Journal  of  Gynecological  Pathology  17  66-74. 

Tauchi  K,  Hori  S,  Itoh  H,  Osamura  RY,  Tokuda  Y  &  Tajima  T 
1989  Immunohistochemical  studies  on  oncogene  products 
(c-erbB-2,  EGFR,  c-myc)  and  estrogen  receptor  in  benign  and 
malignant  breast  lesions.  With  special  reference  to  their 
prognostic  significance  in  carcinoma.  Virchows  Archiv,  A. 
Pathological  Anatomy  and  Histopathology  416  65-73. 

Tauchi  K,  Tsutsumi  Y,  Hori  S,  Yoshimura  S,  Osamura  RY  & 
Watanabe  K  1991  Expression  of  heat  shock  protein  70  and 
c-myc  protein  in  human  breast  cancer:  an  immunohistochemical 
study.  Japanese  Journal  of  Clinical  Oncology  21  256-263. 

Tavassoli  M,  Quirke  P,  Farzaneh  F,  Lock  NJ,  Mayne  LV  & 
Kirkham  N  1989  c-erbB-2/c-erbA  co-amplification  indicative  of 
lymph  node  metastasis,  and  c-myc  amplification  of  high  tumour 
grade,  in  human  breast  carcinoma.  British  Journal  of  Cancer  60 
505-510. 

Tervahauta  AI,  Syijanen  SM,  Kallio  PJ  &  Syijanen  KJ  1992 
Immunohistochemistry,  in  situ  hybridization  and  polymerase 
chain  reaction  (PCR)  in  detecting  c-myc  expression  in  human 
malignancies.  Anticancer  Research  12  1005-1011, 

Trudel  M,  Lanoix  J,  Barisoni  L,  Blouin  MJ,  Desforges  M,  LTtalien 
C  &  D’Agati  V  1997  c-myc-induced  apoptosis  in  polycystic 
kidney  disease  is  Bcl-2  and  p53  independent.  Journal  of 
Experimental  Medicine  186  1873-1884. 

Tsai  LC,  Hung  MW,  Yuan  CC,  Chao  PL,  Jiang  SY,  Chang  GG  & 
Chang  TC  1997  Effects  of  tamoxifen  and  retinoic  acid  on  cell 


growth  and  c-myc  gene  expression  in  human  breast  and  cervical 
cancer  cells,  Anticancer  Research  17  4557-4562, 

Tsuda  H,  Hirohashi  S,  Shimosato  Y,  Hirota  T,  Tsugane  S, 
Yamamoto  H,  Miyajima  N,  Toyoshima  K,  Yamamoto  T  & 
Yokota  J  1989  Correlation  between  long-term  survival  in  breast 
cancer  patients  and  amplification  of  two  putative 
oncogene-coamplification  units:  hst-l/int-2  and  c-erbB-2/ear-L 
Cancer  Research  49  3104-3108. 

Tsuda  H,  Hirohashi  S,  Hirota  T  &  Shimosato  Y  1991  Alterations 
in  copy  number  of  c-erbB-2  and  c-myc  proto-oncogenes  in 
advanced  stage  of  human  breast  cancer.  Acta  Pathologica 
Japonica  41  19-23. 

Umekita  Y,  Hiipakka  RA,  Rokontis  JM  &  Liao  S  1996  Human 
prostate  tumor  growth  in  athymic  mice:  inhibition  by  androgens 
and  stimulation  by  finasteride.  PNAS  93  11802-11807. 

Vakkala  M,  Lahteenmaki  K,  Raunio  H,  Paakko  P  &  Soini  Y  1999 
Apoptosis  during  breast  carcinoma  progression.  Clinical  Cancer 
Research  5  319-324. 

Varley  JM,  Swallow  JE,  Brammar  WJ,  Whittaker  JL  &  Walker  RA 
1987a  Alterations  to  either  c-erbB-2(neu)  or  c-myc 
proto-oncogenes  in  breast  carcinomas  correlate  with  poor 
short-term  prognosis.  Oncogene  1  423-430, 

Varley  JM,  Wainwright  AM  &  Brammar  WJ  19876  An  unusual 
alteration  in  c-myc  in  tissue  from  a  primary  breast  carcinoma. 
Oncogene  1  431-438. 

Visscher  DW,  Wallis  T,  Awussah  S,  Mohamed  A  &  Crissman  JD 
1997  Evaluation  of  MYC  and  chromosome  8  copy  number  in 
breast  carcinoma  by  interphase  cytogenetics.  Genes, 
Chromosomes  and  Cancer  18  1-7. 

Vonderhaar  BK.  1998  Prolactin:  the  forgotten  hormone  of  human 
breast  cancer.  Pharmacology  and  Therapeutics  79  169-178. 

Vonderhaar  BK  1 999  Prolactin  involvement  in  breast  cancer. 
Endocrine-Related  Cancer  6  389-404. 

Voravud  N,  Foster  CS,  Gilbertson  JA,  Sikora  K  &  Waxman  J  1989 
Oncogene  expression  in  cholangiocarcinoma  and  in  normal 
hepatic  development.  Human  Pathology  20  1163-1168. 

Vos  CB,  ter  Haar  NT,  Rosenberg  C,  Peterse  JL,  Cleton-Jansen 
AM,  Comelisse  CJ  &  van  de  Vijver  MJ  1999  Genetic  alterations 
on  chromosome  16  and  17  are  important  features  of  ductal 
carcinoma  in  situ  of  the  breast  and  are  associated  with  histologic 
type.  British  Journal  of  Cancer  81  1410-1418. 

Waikel  RL,  Wang  XJ  &  Roop  DR  1999  Targeted  expression  of 
c-Myc  in  the  epidermis  alters  normal  proliferation, 
differentiation  and  UV-B  induced  apoptosis.  Oncogene  18  4870- 
4878. 

Walker  RA,  Senior  PV,  Jones  JL,  Critchley  DR  &  Varley  JM  1989 
An  immunohistochemical  and  in  situ  hybridization  study  of 
c-myc  and  c-erbB-2  expression  in  primary  human  breast 
carcinomas.  Journal  of  Pathology  158  97-105. 

Wang  Q,  Zhang  H,  Kajino  K  &  Greene  MI  1998  BRCAl  binds 
c-Myc  and  inhibits  its  transcriptional  and  transforming  activity 
in  cells.  Oncogene  17  1939-1948. 

Watson  JV,  Stewart  J,  Evan  GI,  Ritson  A  &  Sikora  K  1986  The 
clinical  significance  of  flow  cytometric  c-myc  oncoprotein 
quantitation  in  testicular  cancer.  British  Journal  of  Cancer  53 
331-337. 

Watson  JV,  Curling  OM,  Munn  CF  &  Hudson  CN  1987a 
Oncogene  expression  in  ovarian  cancer:  a  pilot  study  of  c-myc 
oncoprotein  in  serous  papillary  ovarian  cancer.  Gynecological 
Oncology  28  137-150, 

Watson  JV,  Stewart  J,  Cox  H,  Sikora  K  &  Evan  GI  19876  Flow 
cytometric  quantitation  of  the  c-myc  oncoprotein  in  archival 


www.endocrinoIogy.org 


163 


Liao  and  Dickson:  c-Myc  in  breast  cancer 


neoplastic  biopsies  of  the  colon.  Molecular  and  Cellular  Probes 
1  151-157. 

Watson  PH,  Safheck  JR,  Le  K,  Dubik  D  &  Shin  RP  1993 
Relationship  of  c-myc  amplification  to  progression  of  breast 
cancer  from  in  situ  to  invasive  tumor  and  lymph  node 
metastasis.  Journal  of  the  National  Cancer  Institute  85  902-907. 

Whittaker  JL,  Walker  RA  &  Varley  JM  1986  Differential 
expression  of  cellular  oncogenes  in  benign  and  malignant  human 
breast  tissue.  International  Journal  of  Cancer  38  651-655. 

Wilcken  NR,  Prall  OW,  Musgrove  EA  &  Sutherland  RL  1997 
Inducible  overexpression  of  cyclin  D1  in  breast  cancer  cells 
reverses  the  growth-inhibitory  effects  of  antiestrogens.  Clinical 
Cancer  Research  3  849-854. 

Wilson  CM  &  McPhaul  MJ  1996  A  and  B  forms  of  the  androgen 
receptor  are  expressed  in  a  variety  of  human  tissues.  Molecular 
and  Cellular  Endocrinology  120  51-57. 

Wong  MS  &  Murphy  LC  1991  Differential  regulation  of  c-myc  by 
progestins  and  antiestrogens  in  T-47D  human  breast  cancer  cells. 
Journal  of  Steroid  Biochemistry  and  Molecular  Biology  39  39- 
44. 

Wu  M,  Bellas  RE,  Shen  J,  Yang  W  &  Sonenshein  GE  1999 
Increased  p27'^'’'  cyclin-dependent  kinase  inhibitor  gene 
expression  following  anti-IgM  treatment  promotes  apoptosis  of 
WEHl  231  B  cells.  Journal  of  Immunology  163  6530-6535. 

Wurm  FM,  Gwirm  KA  &  Kingston  RE  1986  Inducible 


overproduction  of  the  mouse  c-myc  protein  in  mammalian  cells. 
PNAS  83  5414-5418. 

Xiao  Q,  Claassen  G,  Shi  J,  Adachi  S,  Sedivy  J  &  Haim  SR  1998 
Transactivation-defective  c-MycS  retains  the  ability  to  regulate 
proliferation  and  apoptosis.  Genes  and  Development  12  3803- 
3808, 

Xie  B,  Tsao  SW  &  Wong  YC  1999a  Induction  of  high  incidence 
of  mammary  tumour  in  female  Noble  rats  with  a  combination  of 
17beta-oestradiol  and  testosterone.  Carcinogenesis  20  1069- 
1078. 

Xie  B,  Tsao  SW  &  Wong  YC  19996  Sex  hormone-induced 
mammary  carcinogenesis  in  female  noble  rats:  the  role  of 
androgens.  Carcinogenesis  20  1597-1606. 

Yamashita  H,  Kobayashi  S,  Iwase  H,  Itoh  Y,  Kuzushima  T,  Iwata 
H,  Itoh  K,  Naito  A,  Yamashita  T  &  Masaoka  A  1993  Analysis 
of  oncogenes  and  tumor  suppressor  genes  in  human  breast 
cancer.  Japanese  Journal  of  Cancer  Research  84  871-878. 

Yu  H,  Bharaj  B,  Vassilikos  EJ,  Giai  M  &  Diamandis  EP  2000 
Shorter  CAG  repeat  length  in  the  androgen  receptor  gene  is 
associated  with  more  aggressive  forms  of  breast  cancer.  Breast 
Cancer  Research  and  Treatment  59  153-161. 

Zabala  MT  &  Garcia-Ruiz  JP  1989  Regulation  of  expression  of  the 
messenger  ribonucleic  acid  encoding  the  cytosolic  form  of 
phosphoenolpyruvate  carboxykinase  in  liver  and  small  intestine 
of  lactating  rats.  Endocrinology  125  2587-2593. 


164 


www.endocrinology.org 


Appendix  III 


Atypical  apoptosis  in  MMTV-c-wjc  transgenic  mouse 
mammary  tumors 

Dezhong  Joshua  Liao'’^,  Gloria  Chepko'’^,  and  Robert  B.  Dickson^’^’^ 

Lombardi  Cancer  Center,  Department  of  Oncology,  and  Department  of 
Cell  Biology,  Georgetown  University  Medical  Center,  3970  Reservoir  Road, 
NW,  Washington,  DC  20007 

Running  title;  Cell  death  in  c-myc  expressing  tumor 

Key  words:  c-myc,  programmed  cell  death,  necrosis,  mammary  tumor 

Correspondence: 

Dr.  Robert  B.  Dickson,  Research  Building,  W417,  3970  Reservoir  Road, 

NW,  Lombardi  Cancer  Center,  Georgetown  University  Medical  Center, 

Washington,  DC  20007 

Tel:  (202)687-3337 

Fax:  (202)687-7505 

Email:  DicksonR@,gunet. georgetown.edu 


Abstract 


Enforced  expression  of  c-myc  has  been  shown  to  serve  as  an  apoptotic  stimulus  in 
cultured  cells,  in  the  absence  of  survival  factors.  Prior  studies  have  also  demonstrated  that 
tissues  expressing  the  c-jnyc  transgene  display  a  large  number  of  dead  cells.  In  the 
present  study,  we  found  that  MMTV-c-myc-transgenic  mouse  mammary  tumor  cells 
exhibited  mitochondrial  malformation,  characterized  by  a  primarily  amorphous  matrix, 
with  very  few  cristae.  Mitochondria  were  also  frequently  degenerated.  Cytochrome  c 
expression  was  much  lower  in  the  majority  of  MMTV-c-wyc  mammary  tumor  cells, 
compared  to  adjacent,  c-wyc-silenced  tumor  foci.  In  the  majority  of  the  tumor  areas,  there 
were  many  dying  and  dead  cells  organized  in  clusters,  termed  dead  cell  islands.  These 
cells  exhibited  shrinkage,  TUNEL  positive  staining,  nuclear  localization  of  apoptosis- 
inducing  factor  (AIF),  but  a  lack  of  typical  apoptotic  morphology,  such  as  nuclear 
condensation  and  formation  of  cell  membrane  blebs  and  apoptotic  bodies.  Many 
macrophages  were  detected  infiltrating  into  these  dead  cell  islands  and  engulfing  the 
dying  or  dead  tumor  cells.  Disruption  of  tumor  cells  was  rare,  but  disrupted  macrophages 
were  common.  These  morphologic  features  suggest  that  the  atypical  cell  death  in  c-myc 
transgenic  mammary  tumor  tissue  may  be  related  to  malformed  and  degenerated 
mitochondria,  possibly  leading  to  energy  deficiency,  and  to  the  early  involvement  of 
macrophages  engulfing  the  dying  cells. 


2 


Introduction 


A  review  of  the  literature  on  the  differences  between  apoptosis  and  other  types  of 
cell  death,  mainly  necrosis,  is  currently  very  confusing,  mainly  due  to  the  lack  of  a  strict 
definition  of  apoptosis  (Levin  et  al.  1999;  Lockshin  1999;  Majno  and  Joris  1999;  Afford 
and  Randhawa  2000;  Johnson  2000;  Nicotera  et  al.  1999;  Columbano  1995;  Kroemer  et 
al.  1998;  Fiers  et  al.  1999).  As  summarized  by  Blagosklonny  (Blagosklonny  2000), 
apoptosis  has  been  commonly  described,  but  not  precisely  defined  from  four  different 
points  of  view:  1)  programmed  cell  death,  2)  a  combination  of  morphological  features, 
such  as  nuclear  fragmentation,  chromatin  condensation,  DNA  degradation,  cell 
shrinkage,  and  membrane  blebbing;  3)  an  active  process  of  dying  that  requires  energy  and 
de  novo  gene  expression;  4)  cell  death  which  is  non-necrotic.  The  last  point  of  view  may 
be  the  main  source  of  confusion,  because  the  term  necrosis  is  mainly  used  to  refer  to  a 
tissue  and  thus  has  little  relevance  and  application  to  cell  culture  where  apoptosis  is 
mostly  studied  (Blagosklonny  2000).  According  to  the  original  definition  of  apoptosis  in 
vivo  (Kerr  et  al.  1972),  a  cell  either  in  the  process  of  dying  or  dead,  via  an  apoptotic 
mechanism,  will  be  phagocytosed  by  its  neighboring  cells  or  macrophages,  such  that 
neither  antigenic  nor  toxic  components  are  released  to  elicit  an  inflammatory  response 
that  often  results  in  scar  formation.  As  distinct  from  this  in  vivo  process,  apoptosis  of 
cultured  cells  does  not  involve  clearance  by  macrophages,  and  thus  differs  from  tissue 
apoptosis  at  least  in  the  last  steps.  If  the  rate  of  apoptosis  in  a  tissue  exceeds  the  rate  of 
clearance  of  these  cells  by  macrophages,  it  is  possible  that  inflammatory  and  toxic 
processes  could  result,  leading  to  a  secondary  necrosis.  This  type  of  situation  would  be 
artificially  induced  by  enforced  death  signaling,  such  as  might  occur  in  a  model  system 
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driven  by  a  cell  death-associated  gene  (i.e.  c-myc)  or  in  human  tumors  treated  with 
certain  types  of  chemotherapy  (Aoyagi  &  Dickson  1999). 

Because  it  is  difficult  and  even  impossible  to  distinguish  apoptosis  from  necrosis  in 
many  circumstances,  programmed  cell  death,  a  more  general  nomenclature,  is  often  used 
in  the  description  of  the  death.  Both  programmed  cell  death  in  general,  and  apoptosis  in 
particular,  have  been  shown  to  occur  via  either  caspase-dependent  or  caspase- 
independent  mechanisms  (Bomer  &  Monney  1999;  Elliott  et  al.  2000;  Johnson  2000; 
Chan  and  Mattson  1999;  Hotti  et  al.  2000;  Vier  et  al.  1999;  Kolenko  et  al.  1999).  While 
more  studies  continue  to  describe  the  biochemical  differences  between  these  two 
pathways,  very  few  data  have  been  presented  in  the  literature  to  morphologically  contrast 
these  two  pathways,  especially  in  tissues.  This  aspect  is  of  importance,  since  morphologic 
features  are  still  the  major  criteria  used  to  distinguish  different  types  of  cell  death. 

c-Myc  oncoproteins  have  been  shown  to  play  dual  roles  in  cell  proliferation  and  cell 
death  (Conzen  et  al.  2000;  Dang  et  al.  1999;  Hoffinan  and  Liebermann  1998),  similar  to 
many  other  oncoproteins,  such  as  cyclin  Dl,  E2F1,  Ras,  and  ElA  (Guo  and  Hay  1999; 
Duelli  and  Lazebnik  2000;  Chi  et  al.  1999).  The  mechanisms  for  c-wyc-triggered  cell 
death  have  been  addressed  extensively  in  the  recent  years  (Prendergast  1999;  Packham  & 
Cleveland  1995;  Alarcon  et  al.  1996;  Thompson  1998;  Bomer  and  Monney  1999),  but 
mostly  with  cultured  cells.  Both  caspase-dependent  and  caspase-independent  pathways 
have  been  implicated  in  the  mechanisms  for  the  apoptotic  effects  of  c-Myc  in  cell  culture 
(Thompson  1998;  Hotti  et  al.  2000;  Juin  et  al.  1999;  Prendergast  1999;  McCarthy  et  al. 
1997).  Far  fewer  studies  have  addressed  the  mechanisms  of  cell  death  in  c-myc 
expressing  tissues. 


4 


In  different  transgenic  mouse  models,  c-myc  has  been  targeted  to  the  mammary 
gland  (Stewart  et  al.  1984),  liver  (Sandgren  et  al.  1989),  lymphocytes  (Felsher  and 
Bishop  1999;  Pelengaris  et  al.  2000),  and  renal  ducts  (Trudel  et  al.  1997).  Mammary 
adenocarcinomas,  hepatocarcinomas,  lymphomas,  and  polycystic  kidneys  develop, 
respectively,  in  these  animals  as  the  consequences  of  the  expression  of  the  transgene.  All 
of  these  cancers  or  benign  lesions  show  many  dead  cells,  which  are  commonly  described 
as  a  result  of  apoptosis.  Moreover,  the  c-myc  transgene  has  also  been  targeted  to  the 
nervous  system  (Jensen  et  al.  1998)  and  the  pancreas  (Pelengaris  et  al.  2000); 
pronounced  cell  death  is  also  discerned  in  these  transgenic  tissues.  However,  in  most  of 
these  studies  (Felsher  and  Bishop  1999;  Sandgren  et  al.  1989;  Hundley  et  al.  1997; 
Pelengaris  et  al.  2000;  Stewart  et  al.  1984;  Trudel  et  al.  1997;  Christensen  et  al.  1999; 
Sanders  and  Thorgeirsson  1999),  including  oiu  own  (Amundadottir  et  al.  1996; 
McCormack  et  al.  1998;  Liao  et  al.  2000a),  the  term  “apoptosis”  has  not  been  applied 
based  on  solid  morphologic  or  biochemical  evidence;  a  positive  staining  of  TUNEL  is  the 
only  indication  in  most  cases.  This  may  be  because  the  concept  that  c-Myc  induces 
apoptosis  has  been  well  established  in  the  past  in  cell  culture  systems  (Shi  et  al.  1992; 
Evan  et  al.  1992)  where  it  has  been  well  accepted,  and  this  description  is  simply  extended 
to  c-myc-expressing  tissue  systems  in  vivo. 

In  the  present  study,  we  described  for  the  first  time  the  detailed  morphology  of  cell 
death  in  a  tissue  triggered  by  enforced  expression  of  c-myc.  It  was  found  that  mammary 
tumor  cells  from  c-myc  transgenic  mice  exhibited  malformation  and  degeneration  of  their 
mitochondria,  in  association  with  a  very  low  level  of  cytochrome  c  expression.  The  dying 
cells  manifested  shrinkage,  DNA  breakage  as  indicated  by  a  positive  TUNEL  staining. 
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and  nuclear  localization  of  apoptosis  inducing  factor  (AIF),  but  in  the  absence  of  typical 
apoptotic  morphology,  including  nuclear  condensation  and  formation  of  cell  membrane 
blebs  and  apoptotic  bodies.  In  addition,  the  dying  process  attracted  pronounced 
infiltration  of  macrophages,  without  an  inflammatory  response.  Disruption  of  dead  tumor 
cells  per  se  was  rare,  but  disruption  of  macrophages  was  common.  These  morphologic 
features  indicate  that  the  cell  death  in  the  c-myc  transgenic  mammary  tumor  tissue  may 
not  be  described  as  a  typical  apoptosis. 

Materials  and  Methods 

Tissue  collections.  Tumor  tissue  materials  of  MMTV-c-myc  transgenic  mice  used 
for  this  study  were  from  our  previous  report  (Liao  et  al.  2000a),  with  additional  animal 
experiments  that  were  carried  out  similarly.  At  the  sacrifice  of  the  animals,  mammary 
tumors  were  isolated.  Part  of  the  tumor  tissue  was  sliced  into  thin  pieces  and  immediately 
fixed  with  10%  formalin  in  PBS  (pH  7.4)  overnight  at  4  °C.  The  tissue  was  subjected  to  a 
quick  (6  hours)  procedure  of  tissue  processing  and  was  embedded  in  paraffin.  In  total,  30 
paraffin-embedded  tumors  were  sectioned  (5  pm)  and  stained  with  hematoxylin  and  eosin 
(HE  staining).  Other  pieces  of  tumor  were  first  frozen  in  liquid  nitrogen  and  then  stored 
at  -80  °C  for  further  molecular  analyses  of  the  tumors. 

Toluidine  blue  staining  and  electron  microscopy.  At  sacrifice  of  the  animals,  six 
tumors  were  prepared  for  electron  microscopy.  For  this  purpose,  fresh  tissue  biopsies 
collected  from  five  different  places  in  each  tumor  were  chopped  into  about  1  mm^  pieces 
and  then  immediately  fixed  with  3%  glutaraldehyde  in  PBS  (pH  7.2)  overnight  at  4  °C. 
The  glutaraldehyde-fixed  tumor  tissues  were  post- fixed  with  1%  osmium  tetroxide 
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(Sigma  Chemical  Company,  St.  Louis,  MO)  for  1  hour  and  washed  with  distilled  water  3 
times  (10  minutes  each).  The  tissues  were  stained  with  2%  uranyl  acetate  (Sigma 
Chemical  Company,  St.  Louis,  MO)  for  30  minutes  in  the  dark  and  washed  with  distilled 
water  3  times,  followed  by  dehydration  with  graded  ethanols  and  then  propylene  oxide. 
The  tissues  were  incubated  in  a  mixture  of  propylene  oxide  and  Spurr  resin  overnight  and 
then  in  Spurr  for  6  hours.  The  tissues  were  embedded  with  Spurr  and  cured  in  an  oven  at 
65  °C  overnight.  Semi-thin  sections  (lum)  were  cut  on  Reichert  Ultracut  microtome  and 
stained  with  1%  toluidine  blue  in  1%  Borax.  Ultrathin  sections  (70-80  nm)  were  cut  on 
the  same  microtome,  mounted  on  200  mesh  grids  and  stained  with  lead  citrate.  Grids 
with  stained  sections  were  viewed  on  JEOL  1200EX  electron  transmission  microscope 
and  pictures  were  taken. 

TUNEL  assay.  The  terminal  deoxynucleotidyl  transferase  (TdT)  mediated 
digoxigenin-dUTP  nick  end  labeling  (TUNEL)  method  was  carried  out  using  a  kit  from 
Trevigen  Inc.,  Gaithersburg,  M.D,  as  described  previously  (Liao  et  al.  2000a).  Paraffin 
sections  (5  pm)  were  dewaxed,  rehydrated,  treated  with  protease  K,  and  blocked  with 
H2O2,  according  to  the  manufacturer’s  instructions.  After  labeling  with  TdT  and  biotin- 
labeled  dNTP,  the  sections  were  incubated  with  peroxidase-conjugated  Streptavidin.  The 
signal  was  visualized  by  exposure  to  diaminobenzidine  and  H2O2,  followed  by  counter- 
staining  with  hematoxylin. 

Immunohistochemistry.  Immunohistochemical  staining  was  performed  using  an 
avidin-biotin  complex  (ABC)  method  described  previously  (Liao  et  al.  2000a).  Paraffin 
sections  were  deparaffmized  and  blocked  with  3%  peroxide.  Antigens  were  retrieved  by 
heating  in  a  microwave  oven  in  50  mM  citrate  buffer,  pH  6.0,  after  boiling  for  8  minutes. 


7 


After  blocking  with  6%  normal  goat  or  horse  serum,  the  sections  were  incubated  with  the 
primary  antibody  for  2  hours,  followed  by  1  hour  incubation  with  a  second  antibody 
conjugated  with  biotin  (Vector  Laboratories  Inc.,  Burlingame,  CA).  The  sections  were 
then  incubated  with  peroxidase-conjugated  avidin  (Dako,  Corporation,  Carpinteria,  CA) 
for  30  minutes,  followed  by  color  development  with  diaminobenzidine  and  peroxide.  All 
procedures  were  carried  out  at  room  temperature.  The  primary  antibodies  used  were 
rabbit  polyclonal  cytochrome  c  antibody  (H-104),  goat  polyclonal  CD68  antibody  (M- 
20),  and  goat  polyclonal  antibody  (D-20)  against  apoptosis  inducing  factor  (AIF),  all 
from  Santa  Cruz  Biotechnology  Inc.,  CA.  To  control  for  signal  specificity,  serial  sections 
were  made  from  four  tumors  and  were  subjected  to  the  same  staining  procedure,  with  a 
normal  rabbit  or  goat  IgG  to  replace  the  respective  primary  antibody.  This  control 
staining  did  not  give  rise  to  a  signal,  demonstrating  the  specificity  of  the  signal  given  by 
the  primary  antibodies. 

Western  blot  analysis.  Frozen  tumor  tissues  were  homogenized  with  a  polytron  in 
a  lysate  buffer  containing  (Liao  et  al.  2000a,  2000b):  50  mM  Tris-HCl,  pH  7.4,  150  mM 
NaCl,  2  mM  EDTA,  0.5%  NP-40,  50  mM  NaF,  0.5  mM  Na3V04,  20  mM  sodium 
pyrophosphate,  1  mM  PMSF,  10  pg/ml  aprotinin,  10  pg/ml  leupeptin,  1  mM  DTT.  The 
tissue  lysates  were  transferred  to  a  B-type  glass  homogenizer,  homogenized  again,  and 
centrifuged  at  12,000  r.p.m.  for  20  min  at  4  ®C.  The  supernatants  were  collected,  and  their 
protein  concentrations  measured  with  BCA  reagents  (Pierce,  Rockford,  IL).  Protein 
aliquots  (70  pg  per  lane)  were  electro-fractionated  on  SDS-PAGE.  Roughly  equal 
loading  was  confirmed  by  staining  the  gel  with  Coomassie  blue.  The  proteins  were 
transferred  onto  a  PVDF  membrane  and  probed  with  primary  antibody  for  2  h,  followed 
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by  incubation  with  a  peroxidase-conjugated  second  antibody  for  1.5  h.  The  signal  was 
visualized  with  chemiluminescent  substrates  (Pierce,  Rockford,  IL)  and  autography.  The 
primary  antibodies  used  in  western  blot  analyses  were  the  same  as  used  for 
immunohistochemical  staining. 

Results 

Cell  death  in  HE-stained  sections 

In  a  previous  study,  we  had  reported  that  some  large,  c-myc  transgenic  mammary 
tumors,  at  advanced  stages,  developed  focal  lesions  that  we  termed  “foci”.  These  “tumor- 
within-a-tumor”  focal  lesions  were  morphologically  distinguished  from  their  surrounding 
tumor  cells  (fig  1  in  Liao  et  al.  2000a).  In  the  present  study,  we  found  that  there  are  two 
major  types  of  foci,  according  to  their  morphologies.  One  was  a  solid  type,  in  which 
tumor  cells  constituted  a  solid,  nodular  structure,  as  was  shown  in  the  previous  report  (fig 
1  in  Liao  et  al.  2000a).  The  second  type  of  focus  we  now  report  on  is  glandular,  in  which 
tumor  cells  form  glands  of  various  sizes  (fig  lA).  Occasionally,  the  foci  also  exhibited  a 
mixture  of  morphology  of  these  two  types  (fig  IB).  All  of  these  foci  shared  several  key 
properties,  including  refractoriness  to  hematoxylin  staining,  decrease  in  c-myc 
expression,  induction  of  cyclins  D1  and  E,  increase  in  proliferation,  and  decrease  in 
programmed  cell  death,  when  compared  to  their  surrounding  tumor  areas  (Liao  et  al. 
2000a;  Liao  and  Dickson  2000). 

The  c-myc  transgenic  mammary  tumors  exhibited  a  large  number  of  dead  cells 
(Liao  et  al.  2000a),  which  were  usually  organized  in  clusters  (fig  1C).  Individual  dead 
cells  also  appeared,  but  with  less  frequency.  There  was  always  a  space  between  a  cluster 
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of  dead  cells  and  the  surrounding  viable  tumor  cells  (fig  lA  and  1C).  This  space  was 
likely  to  result  from  shrinkage  of  the  dying  or  dead  cells.  The  appearance  of  this  space 
made  each  cluster  of  dead  cells  look  like  an  island  in  the  c-myc  tumor;  therefore  the 
clusters  were  termed  “apoptotic  cell  islands”  in  our  previous  publication  (Liao  and 
Dickson  2000).  The  reason  for  terming  the  dead  cells  “apoptotic  cells”  was  primarily 
because  their  positive  TUNEL  staining  (Amundadottir  et  al.  1996;  Liao  et  al.  2000a).  In 
the  present  study,  the  clusters  of  dead  cells  are  renamed  as  “dead  cell  islands”  (fig.  lA 
and  1C),  due  to  their  atypical  morphology,  as  discussed  below.  Moreover,  necrotic  areas 
were  also  observed  in  c-myc  mammary  tumors,  as  presented  in  our  prior  report  (Waikel  et 
al.  1999).  Since  these  necrotic  areas  are  common  features  of  tumor  tissues  in  general,  we 
will  not  consider  them  further  in  this  study. 

Previously,  we  reported  that  dead  cell  islands  were  basically  not  seen  in  the  solid 
type  of  focus,  in  strong  contrast  to  their  abundance  in  the  major  tumor  areas  (Liao  et  al. 
2000a).  In  the  present  study,  we  further  report  that  few  dead  cell  islands  appeared  in  the 
glandular  type  of  foci  (fig  1  A).  However,  there  was  often  a  cluster  of  dead  cells  inside  the 
lumen-like  cavities  of  the  tumor  glands  (fig  1 A  and  ID).  Although  these  clusters  of  cells 
also  manifested  an  “island”  morphology,  the  spaces  between  the  cell  clusters  and  the 
surrounding  tumor  cells  were  actually  the  lumen-like  features  of  the  tumor  glands,  and 
thus  different  from  the  space  surrounding  the  dead  cell  islands  (which  was  likely  to  be  a 
result  of  cell  shrinkage).  The  dead  cells  inside  the  gland  cavities  resembled  necrotic  cells 
more  closely  than  apoptosis  in  the  HE  stained  sections  (fig  ID),  and  were 
morphologically  different  from  dead  cell  islands. 
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Formation  of  dead  cell  islands  seemed  to  begin  with  shrinkage  occurring  in  several 
tumor  cells  simultaneously  (fig  IE),  making  the  cells  separate  from  their  neighboring 
tumor  cells.  At  this  stage,  the  cells  still  showed  a  morphology  similar  to  their  neighboring 
cells  (fig  IE).  Later  in  the  dying  process,  nuclear  fragmentation,  without  obvious 
condensation,  appeared  as  the  main  alteration  in  these  cells  (fig  IF  and  1  G).  Condensed 
nuclei  were  observed  only  occasionally  (fig  IH).  Disruption  of  cell  membranes  and 
cytoplasm  seemed  to  be  common,  leaving  much  cell  debris  in  the  hollow,  dead  cell 
islands  (fig  II).  Giant  cells,  containing  many  small,  fragmented,  nucleus-like  components 
were  fi-equently  observed  (fig  IF).  Considering  the  results  of  toluidine  blue  staining  (see 
below),  these  cells  might  be  identified  as  macrophages  with  phagosomes  containing 
nuclear  fi-agments,  although  their  true  identity  could  never  be  certain  with  HE  staining. 
Blebs  of  cell  membrane,  and  apoptotic  bodies  resulting  from  cell  membrane  blebbing, 
were  not  observed,  even  when  carefully  examined  under  high  power  in  the  light 
microscope. 

Hemorrhage  was  discerned  in  some  of  the  dead  cell  islands.  However,  an  obvious 
inflammatory  response,  characterized  by  infiltration  of  many  white  blood  cells,  was  ever 
observed  in  dead  cell  islands. 

Cell  death  in  toluidine  blue-stained  sections 

In  toluidine  blue  stained  semi-thin  sections  of  osmium  tetroxide-post-fixed,  uranyl 
acetate  in-block-stained  tumor  blocks,  two  major  types  of  tumor  cells  were  identified,  i.e. 
dark  cells  and  light  cells  (fig  2A  and  2B).  The  two  types  of  cells  were  roughly  equal  in 
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number.  Each  type  of  cell  could  dominate  in  an  area,  but  they  were  intermixed  in  other 
areas  (fig  2A  and  2B). 

In  semi-thin  section,  which  brings  a  higher  resolution  than  in  paraffin  section,  a 
large  number  of  macrophages  was  observed  in  the  tumor  tissue.  They  frequently 
colocalized  with  dead  cell  islands  (fig  2A  and  2B),  but  sometimes  also  among  viable 
tumor  cells  or  in  the  thin  stroma  (fig  2C).  The  macrophages  were  very  large  in  size, 
usually  about  five-  to  eight-fold  larger  than  a  viable  tumor  cell;  their  huge  size  made 
them  easily  distinguishable  from  tumor  cells.  Without  exception,  all  macrophages 
contained  many  phagosomes  that  varied  greatly  in  size;  the  phagosomes  were  frequently 
as  large  as  the  nucleus  of  viable  tumor  cells  (fig  2D).  Many  phagosomes  were  intensely 
stained,  while  in  some  other  phagosomes,  only  some  components,  but  not  the  whole 
phagosomes,  showed  the  intense  staining  (fig  2A  to  2D).  These  intensely-stained 
phagosomes,  and  the  phagosomal  components,  were  likely  to  be  the  nuclei  or  nuclear 
fragments  of  dead  cells  engulfed  in  macrophages.  Consistent  with  this  consideration, 
these  intensely  stained  phagosomes  and  phagosomal  components  appeared  more 
frequently  in  dead  cell  islands,  where  many  dead  cell  nuclei  and  nuclear  fragments  were 
present  as  seen  in  HE-stained  sections.  Moreover,  in  conflict  with  the  observations  from 
HE-stained  sections,  few  dead  tumor  cell  nuclei  were  observed  to  be  colocalized  with 
dead  cell  islands.  Thus,  many  dead  cell  nuclei  observed  in  the  sections  stained  for  HE  or 
TUNEL  (see  below)  might  not  be  the  nuclei  of  dead  cells  per  se,  but  might  actually  be 
the  nuclei  or  nuclear  fragments  of  the  phagocytosed  tumor  cells  appearing  as  phagosomes 
or  phagosomal  components  within  macrophages. 
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Consistent  with  what  was  observed  in  HE  stained  sections,  blebs  of  cell  membrane 


were  not  observed  in  the  tumor  cells,  even  though  cellular  structures  were  preserved 
better  with  glutaradehyde  fixation,  so  any  membrane  blebbing  present  should  have  been 
discerned.  Although  disruption  of  tumor  cells  was  rarely  seen,  which  was  in  conflict  with 
the  observation  of  cell  debris  in  the  dead  cell  islands  in  HE-stained  sections,  disrupted 
macrophages  appeared  frequently,  releasing  phagosomes  as  well  as  other  cellular 
components  to  the  intercellular  space  as  cell  debris  (fig  2E).  We  interpret  this  finding  as 
that  the  cell  debris  often  observed  in  HE-stained  sections  may  be  the  result  of  disrupted 
macrophages. 

TUNEL  staining 

Many,  but  not  all,  nuclei  in  dead  cell  islands  were  positive  for  TUNEL  staining  (fig 
3 A,  3C,  and  3D),  indicating  that  DNA  breakage  occurred  in  these  cells,  since  the 
principle  for  TUNEL  staining  is  DNA  end-labeling.  Interestingly,  in  hyperplastic  lesions 
of  mammary  epithelia  adjacent  to  the  tumors,  TUNEL  positive  nuclei  appeared 
individually,  but  were  not  organized  in  clusters  (fig  3B).  This  difference  implies  that, 
although  cell  death  in  both  hyperplastic  lesions  and  tumors  might  all  be  triggered  by 
enforced  expression  of  c-myc,  the  mechanisms  for  cell  death  in  each  might  still  be 
distinct. 

Most  TUNEL-positive  nuclei  in  dead  cell  islands  did  not  show  condensed 
chromatin  under  high  magnification;  instead,  their  chromatin  patterns  were  very  similar 
to  that  of  the  nuclei  of  viable  tumor  cells,  except  for  the  brown  TUNEL  staining  (fig  3A, 
3C  and  3D).  Moreover,  in  dead  cell  islands,  many  nuclei  positive  for  TUNEL  were 
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surrounded  by  a  hollow  space,  but  not  by  cytoplasm  and  a  cell  membrane,  although  the 
cytoplasm  of  the  viable  tumor  cells  was  clearly  discerned  by  its  weak  hematoxylin 
staining.  This  result  indicates  that  the  cytoplasm  and  cell  membrane  of  these  dead  cells 
might  have  already  disrupted  and  lysed.  This  process  might  occur  after  these  tumor  cells 
are  engulfed  by  macrophages,  since  disruption  of  tumor  cells  per  se  was  rarely  seen  in 
toluidine  blue  stained  sections.  Support  for  this  consideration  was  the  observation  that 
many  nucleus-like,  but  smaller  than  a  nucleus,  particles  were  also  positive  for  TUNEL 
(arrow  in  fig  3C  and  3D).  Frequently,  these  small  TUNEL-positive  particles  were 
embedded  in  a  cytoplasmic-like  component  (arrow  in  fig  3C  and  3D),  indicating  that  they 
were  nuclear  fragments  of  a  dead  tumor  cell,  engulfed  and  digested  by  macrophages. 
More  convincing  support  for  this  conclusion  was  the  common  observation  that  groups  of 
positive  nuclei  were  sometimes  encapsulated  by  a  membrane  (arrowhead  in  fig  3D). 

Electron  microscopic  (EM)  observations 

There  were  also  two  main  types  of  tumor  cells  identified  under  EM,  i.e.  dark  cells 
and  light  cells  (fig  4A),  possibly  corresponding  to  the  dark  and  light  cells  in  toluidine 
blue  stained  sections.  The  nuclei  of  both  types  of  tumor  cells  distinctively  showed  one  or 
more  giant  nucleolus.  Most  dark  tumor  cells  showed  an  undifferentiated  and  inactive 
ultrastructure,  characterized  by  electron-dense,  amorphous  cytoplasmic  matrix  with  very 
few  organelles,  such  as  endoplasmic  reticulum  and  Golgi  apparatus.  The  light  cells 
showed  the  same  absence  of  cytoplasmic  matrix  material  as  described  by  Chepko  and 
Smith  (1997),  but  they  generally  contained  more  organelles  than  dark  tumor  cells. 
Lysosomes,  glycogen  granules,  and  lipid  droplets  were  easily  discerned  in  the  light  tumor 
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cells  (in  contrast  to  dark  cells),  in  addition  to  larger  amount  of  endoplasmic  reticulum  and 
more  Golgi  complexes.  Autophagosomes  were  also  present  in  some  light  cells. 

For  both  cell  types,  the  most  striking  alterations  were  in  the  mitochondria.  In  most 
tumor  cells,  the  mitochondria  consisted  mainly  of  an  electron-light  (fig  4B  and  4C)  or 
electron-dense  (fig  4D)  amorphous  matrix,  with  absent  or  very  few  cristae  (fig  4B,  4C 
and  4D).  When  the  cristae  appeared,  they  were  usually  dilated  to  cavities  with  irregular 
shapes  (arrow  in  fig  4D).  These  morphologic  features  suggest  that  the  mitochondria  are 
malformed  in  these  c-wyc-induced,  c-myc-expressing  tumor  cells.  Such  malformed 
mitochondria  were  frequently  degenerated,  characterized  by  the  lysis  of  the  amorphous 
matrix  and  cristae,  leaving  a  hollow  mitochondrial  body  (fig  4E). 

Another  distinguishing  finding  under  EM  was  the  confirmation  of  many 
macrophages  in  the  tumor  tissue,  especially  in  dead  cell  islands  (fig  4F  and  4G).  Most 
macrophages  were  so  large  and  so  irregular  in  shape  that  it  was  usually  very  difficult  to 
take  a  photo  of  the  whole  cell,  even  under  the  lowest  magnification.  All  macrophages 
contained  many  phagosomes,  with  various  degrees  of  digested  tumor  cells,  indicating  that 
the  macrophages  were  very  active  in  phagocytosis.  The  electron  density  of  the 
phagosomes  varied  greatly,  and  it  was  common  that  one  phagosome  showed  very  high 
electron  density  in  one  part  but  very  low  density  in  the  other  part  (fig  4G,  41  and  4J).  The 
light  and  dark  parts  resulted  from  different  organelles  and  nuclei  phagocytosed,  and  there 
usually  was  a  clear  edge  between  the  light  and  dark  parts  (fig  4G  and  41).  Peripheral 
chromatin  condensation  and  nuclear  condensation  were  rarely  seen  in  dying  or  dead 
tumor  cells,  which  contrasted  to  the  observation  of  HE  stained  sections  but  was  consistent 
with  the  observation  of  the  sections  stained  for  toluidine  blue  and  TUNEL.  However, 


when  the  electron-dense  components  resided  in  the  peripheral  area  or  in  part  of  a 
phagosome,  it  might  make  the  phagosome  resemble  a  nucleus  with  peripheral  chromatin 
condensation  under  the  light  microscope.  Thus,  the  structures  that  resembled  condensed 
nuclei  or  peripherally  condensed  chromatin  seen  in  HE-stained  sections  were  likely  not  to 
be  the  nuclei  of  dead  tumor  cells  per  se,  but  might  be  the  phagosomes  containing  nuclear 
residuals. 

Disruption  of  macrophages  and  release  of  cell  debris  and  processed  phagosomes 
into  the  intercellular  space  were  very  commonly  observed  (fig  4H,  41,  and  4J).  On  the 
other  hand,  formation  of  cell  membrane  blebs  and  apoptotic  bodies  in  dying  or  dead 
tumor  cells  were  not  observed.  Disruption  of  dead  tumor  cells  was  rarely  seen.  These 
results  again  suggest  that  the  cell  debris  in  dead  cell  islands  observed  in  HE  stained 
sections  might  be  derived  mainly  from  disrupted  macrophages. 

Expression  of  cytochrome  c,  AIF,  and  CD68 

Since  the  mitochondria  in  the  tumor  cells  were  found  to  be  malformed  and 
frequently  degenerated,  we  performed  immunohistochemical  staining  of  cytochrome  c 
and  apoptosis-inducing  factor  (AIF),  two  mitochondrial  proteins  known  to  mediate 
caspase-dependent  and  caspase-independent  apoptosis,  respectively  (Loeffler  and 
Rroemer  2000;  Skulachev  1998;  Daugas  et  al.  2000a,  2000b;  Lorenzo  et  al.  1999), 
although  AIF  is  also  related  to  necrosis  (Daugas  et  al.  2000a).  Most  tumor  cells  in  the 
major  tumor  areas  and  some  cells  in  the  dead  cell  islands  exhibited  positive  staining  of 
cytochrome  c  in  the  cytoplasm  (fig  5A  to  5D).  However,  to  our  surprise,  the  staining 
intensity  was  much  weaker,  compared  to  the  staimng  in  the  tumor  foci  or  in  the  smooth 


16 


muscle  cells  that  could  function  as  positive  controls  (fig  5A  and  5B).  This  result  suggests 
that  a  higher  expression  of  cytochrome  c  may  be  used  as  an  additional  marker  for  the 
tumor  foci.  Under  high  magnification,  the  staining  was  found  to  be  granular  in  the 
cytoplasm  (fig  5C  and  5D),  indicating  that  the  cytochrome  c  might  still  be  localized  in  the 
mitochondria.  Western  blot  assay  of  total  c-myc  tumor  tissue  revealed  a  single  band  at  the 
expected  molecular  weight  (fig  6),  confirming  the  specificity  of  the  antibody.  A  normal 
rabbit  IgG  was  used  to  replace  the  primary  antibody  in  some  control  staining;  this  control 
did  not  result  in  any  signal  (not  shown). 

Immunohistochemical  staining  for  AIF  showed  that  some,  but  not  all,  cells  in  the 
dead  cell  islands  had  positive  nuclei,  while  some  cells  in  the  major  tumor  areas  were 
negative  or  very  weakly  positive  in  the  cytoplasm  (but  not  nuclei)  of  some  cells  (fig  5E 
and  5F).  Cells  in  the  foci  were  negative.  Western  blot  analysis  of  the  total  tumor  tissue 
showed  a  single  band  at  the  expected  molecular  weight  (fig  6),  confirming  that  AIF  was 
expressed  in  the  tumor  tissue. 

Immunohistochemical  staining  of  macrophage  marker  CD68  gave  rise  to  positive 
staining  in  the  cytoplasm  of  many  cells.  The  positive  cells  were  found  mainly  in  the  dead 
cell  islands  (fig  5G  and  5H),  usually  around  the  dead  cell  nuclei,  indicating  that  these 
nuclei  might  actually  be  inside  the  giant  macrophages  as  phagosomes.  The  positive  cells 
were  also  found  in  the  thin  stroma  among  the  viable  tumor  cells  (fig  H),  but  were  very 
rare  in  the  foci  (not  shown).  Western  blot  assay  with  total  tumor  tissue  lysates  showed  a 
single  band  at  the  expected  molecular  weight  (fig  6),  suggesting  the  specificity  of  the 
antibody.  Since  the  CD68  and  AIF  antibodies  were  of  goat  origin,  a  normal  goat  IgG  was 
used  to  replace  the  primary  antibodies  for  a  control  staining;  this  did  not  result  in  any 
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signal,  confirming  the  staining  specificity  yielded  by  the  CD68  and  AIF  antibodies.  As 
both  AIF  and  CD68  antibodies  were  goat  polyclonals,  they  also  functioned  as  each 
other’s  control  for  the  staining  specificity. 

Discussion 

One  fundamental  question  on  our  observations  is  whether  the  formation  of  a  “dead 
cell  island”  is  a  result  of  the  c-myc  overexpression  or  is,  rather,  a  common  phenomenon 
for  programmed  cell  death  triggered  by  many  factors  in  a  tissue.  Although  we  have  no 
direct  evidence  to  tightly  connect  c-myc  overexpression  with  the  formation  of  dead  cell 
islands,  due  to  limitations  in  our  model  system,  there  are  several  indications  that 
circumstantially  suggest  this  connection.  First,  the  dead  cell  islands  are  observed  only  in 
the  major  tumor  areas  that  show  high  levels  of  c-myc,  but  not  in  the  foci  that  have  lost  c- 
myc  expression,  whereas  necrosis  can  occur  in  both  areas  (Liao  et  al.  2000a).  Second, 
similar  “clusters”  of  dead  cells  have  also  been  reported  in  the  polycystic  kidney  of  mice 
where  a  c-myc  transgene  was  targeted  to  the  renal  ducts  (Trudel  et  al.  1997).  Third,  to  our 
knowledge,  a  similar  morphology  of  dead  cell  islands  has  not  been  described  in  the 
literature  for  cell  death  triggered  by  any  other  factors  in  any  other  types  of  tissue, 
although  this  could  be  due  to  the  lack  of  detailed  morphologic  descriptions  in  most 
tissues  based  studies.  Nevertheless,  the  fact  that  cells  in  a  local  neighborhood  commit 
collective  suicide  suggests  that  a  paracrine  mechanism  or  a  cell-cell  interaction  might  be 
involved  in  the  dying  process. 

Although  cell  death  in  c-myc  overexpressing  tissues  has  been  previously  referred  to 
as  apoptosis  by  us  (Amundadottir  et  al.  1996;  McCormack  et  al.  1998;  Liao  et  al.  2000a) 
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and  by  other  investigators  (Hundley  et  al.  1997;  Pelengaris  et  al.  2000;  Stewart  et  al. 
1984;  Sandgren  et  al.  1989;  Trudel  et  al.  1997;  Christensen  et  al.  1999;  Sanders  and 
Thorgeirsson  1999),  no  morphologic  evidence  other  than  positive  TUNEL  staining  has 
been  provided  to  prove  that  the  cells  really  died  of  apoptosis  in  any  of  these  tissues.  In 
this  study,  we  find  that  cell  death  in  the  c-myc  transgenic  mammary  tumor  is 
characterized  by  cell  shrinkage,  and  DNA  breakage,  as  indicated  by  TUNEL  staining,  but 
in  the  absence  of  typical  apoptotic  morphology,  i.e.  chromatin  condensation,  cell 
membrane  blebbing,  and  apoptotic  body  formation.  Moreover,  it  involves  infiltration  of  a 
large  number  of  macrophages  and  their  active  phagocytosis.  As  a  consequence,  it  is  the 
macrophages,  not  the  dead  tumor  cells  per  se,  that  are  frequently  disrupted  to  generate 
cell  debris,  and  it  is  their  phagosomes,  not  the  apoptotic  bodies,  that  are  released  to  the 
intercellular  space.  However,  similar  to  apoptotic  bodies,  these  released  phagosomes  are 
processed  and  membrane-capsulated,  and  thus  do  not  elicit  an  inflammatory  response. 
These  morphologic  features  do  not  seem  to  fit  into  the  typical  description  of  apoptosis, 
necrosis,  or  any  other  types  of  cell  death  provided  by  the  literature,  although  they  are 
probably  closer  to  “delayed  necrosis”  or  “slow  cell  death”  termed  by  Blagosklonny 
(Blagosklormy  2000)  to  describe  cell  death  without  caspase  activation.  Therefore,  the 
more  general  term  “programmed  cell  death”  is  used  in  our  current  study  to  refer  the  cell 
death  observed.  It  will  be  interesting  to  know  if  the  morphologic  properties  described 
herein  are  specific  for  the  c-myc  transgenic  mammary  tumors  or  if  it  is  common  for  any 
of  the  c-myc  expressing  tissues. 

Malformation  of  mitochondria  and  depletion  of  cytochrome  c  have  recently  been 
reported  in  cultured  3T3  cells  that  ectopically  express  Bcl-Xs,  an  apoptosis-inducing 
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protein  (Fridman  et  al.  2001).  In  these  cells,  mitochondria  appear  less  electron-dense,  or 
even  transparent.  The  cristae  of  mitochondria  in  these  cells  are  either  undeveloped  or 
broken.  Similar  ulstrastructural  malformation  of  mitochondria  is  observed  in  the  c-myc- 
induced,  c-m>’c-expressing  mammary  tumor  cells  in  the  present  study.  The  malformed 
mitochondria  seem  to  be  fragile,  since  they  are  frequently  observed  to  be  degenerated. 
Thus,  the  present  study  show  for  its  first  time  in  a  tissue  that  enforced  expression  of  an 
indueer  of  programmed  cell  death  may  cause  malformation  and  degeneration  of 
mitochondria.  Although  most  tumors  survive  well  with  malformed,  degenerated 
mitochondria,  it  remains  possible  that  the  pro-death  property  of  these  c-?n_yc-expressing 
cells  may  be  causally  related  to  such  mitochondrial  alterations.  However,  since 
mitochondrial  swelling  and  disruption  are  marks  of  early  events  of  necrosis,  as 
distinguishable  from  apoptosis  (Kroemer  et  al.  1998),  the  cell  demise  in  this  model  is 
closer  to  necrosis  than  to  apoptosis. 

Expression  of  cytochrome  c  is  much  lower  in  dead  cell  islands  and  in  most  tumor 
cells,  compared  to  the  cells  in  the  foci  and  in  the  adjacent  muscle  cells  that  require  high 
levels  of  cytochrome  c  for  energy  generation.  These  findings  are  surprising,  and  may  be 
explained  by  either  an  induction  of  cytochrome  c  in  the  foci  or  an  inhibition  in  the 
majority  of  the  tumor  cells.  No  matter  which  is  the  case,  this  is  not  a  general 
characteristic  of  mitochondrial  proteins,  as  AIF  does  not  show  the  same  alteration.  If  the 
suppression  mechanism  happens  to  be  the  case  for  cytochrome  c,  then  a  question  arises  as 
to  whether  it  is  related  to  the  high  expression  of  c-Myc,  in  a  way  similar  to  the  possible 
suppression  of  cyclin  D1  by  c-Myc  shown  previously  in  this  tumor  tissue  (Liao  et  al. 
2000a).  Also,  it  is  well  established  that  c-mjj^c-expressing  cells  are  enhanced  for 
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glycolytic  energy  generation,  due  in  part  to  the  induction  of  lactate  dehydrogenase  gene 
(LDH-A)  by  c-myc  (Osthus  et  al.  2000;  Shim  et  al.  1997,  1998a).  Alternatively,  the 
higher  level  of  cytochrome  c  in  c-myc-silenced  tumor  foci  may  also  be  due  to  a  higher 
demand  of  energy  generation  in  association  with  the  increase  in  the  proliferative  rate  of 
the  foci  (Liao  et  al.  2000a).  This  energy  demand  may  be  exacerbated  due  to  the 
mitochondrial  malformation  and  degeneration  in  tissue  giving  rise  to  the  foci. 

Glucose  depletion  has  been  shown  to  induce  apoptosis  of  c-myc-expressing  Rati 
cells  in  culture  (Shim  et  al.  1998b).  The  aforementioned  Bcl-Xs-expressing  cells,  with 
mitochondrial  malformation  and  cytochrome  c  depletion,  also  undergo  caspase- 
independent  cell  death  (Fridman  et  al.  1999,  2001).  The  present  study  shows  the  similar 
damage  of  mitochondria  and  low  level  of  cytochrome  c  in  the  c-myc  expressing 
mammary  tumor  cells  that  have  a  high  potential  for  programmed  cell  death.  Putting  these 
data  together,  one  may  hypothesize  that  insufficient  generation  of  energy,  which  may  be 
caused  by  damage  in  mitochondria  or  depletion  in  cytochrome  c  and  glucose,  may  also  be 
capable  of  inducing  programmed  cell  death.  However,  since  apoptosis  is  defined  as  a 
death  process  that  involves  consumption  of  energy  (Blagoskloimy  2000),  this  type  of  cell 
demise  may  not  actually  be  apoptosis  by  this  strict  definition.  Support  for  this 
consideration  is  the  observation  that  the  cell  death  of  the  c-myc  transgenic  mammary 
tumors  does  not  exhibit  typical  nuclear  morphology  of  apoptosis.  Cell  death  associated 
with  depletion  of  cytochrome  c  may  be  most  closely  related  to  the  TNFa  and  the  death 
receptor  pathways,  but  not  to  the  death  initiated  by  common  forms  of  cellular  stress  such 
as  UV  irradiation  (Li  et  al.  2000;  Vier  et  al.  1999). 
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In  another  reported  study  (McCarthy  et  al.  1997),  when  Ratl/c-MycER™  cells 
were  induced  by  c-Myc  expression  to  undergo  apoptosis  in  the  absence  of  caspase 
inhibitors,  they  showed  typical  apoptotic  morphology,  such  as  chromatin  condensation, 
cell  shrinkage,  cytoplasmic  blebbing,  and  cell  fragmentation.  In  contrast,  when  the  cells 
were  induced  to  undergo  apoptosis  in  the  presence  of  caspase  inhibitors,  although  the 
cells  still  showed  cytoplasmic  blebbing,  their  nuclei  remarkably  resembled  those  of  non- 
apoptotic  cells.  These  results  indicate  that  c-myc-triggered  cell  death  may  have  both 
caspase-dependent  and  caspase-independent  mechanisms;  in  the  latter  situation,  the 
nuclear  morphology  was  similar  to  what  was  observed  in  our  study.  Localization  of  AIF 
(a  factor  related  to  the  caspase-independent  cell  death  (Lorenzo  et  al.  1999)  to  the 
nucleus  of  the  dead  cells  in  the  present  study  seems  to  suggest  that  the  cell  death  may  be 
caspase-independent  (Daugas  et  al.  2000a,  2000b).  The  low  level  of  cytochrome  c,  an 
important  mediator  of  caspase  activation  (Skulachev  1998),  in  the  majority  of  the  tumor 
cells  is  in  line  with  this  possibility  and  further  suggests  that  the  cell  demise  may  not 
require  a  high  intracellular  energy  level.  Therefore,  the  lack  of  nuclear  apoptotic  features 
and  the  immunohistochemical  properties  of  cytochrome  c  and  AIF  lead  us  to  the 
consideration  that  a  caspase-independent  pathway  may  be  the  mechanism  behind  the  cell 
death  in  the  c-myc  transgenic  mammary  tumors,  since  it  now  seems  to  be  clear  from  the 
literature  that  inhibition  of  caspases  can  prevent  nuclear  apoptotic  changes  (Kolenko  et 
al.  1999;  Hirsch  et  al.  1997).  Thus,  the  morphologic  features  observed  in  the  present 
study  might  just  be  another  reflection  of  the  differences  between  caspase-mediated 
apoptosis  and  caspase-independent,  non-apoptotic  programmed  cell  death,  an  issue  at  hot 
debate  in  the  literature.  Whether  this  is  the  case  requires  more  thorough  studies  on  the 
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morphology  of  the  dying  cells  and  on  the  status  of  caspase  activation  for  different  types 
of  cell  death. 

In  summary,  c-myc  transgenic  mammary  tumor  cells  exhibited  malformation  and 
degeneration  of  their  mitochondria,  with  a  much  lower  expression  level  of  cytochrome  c 
than  in  the  c-myc-downregulated,  progressing  foci,  for  which  a  higher  expression  level  is 
an  additional  marker.  Dead  cells  in  this  c-myc  transgenic  tumor  tissue  were  large  in 
number  and  appeared  in  clusters,  a  histological  feature  termed  “dead  cell  islands”.  The 
dying  cells  manifested  cell  shrinkage,  DNA  breakage,  as  indicated  by  positive  TUNEL 
staining,  and  nuclear  localization  of  AIF,  but  without  typical  apoptotic  morphology,  i.e. 
nuclear  condensation  and  formation  of  cell  membrane  blebs  and  apoptotic  bodies.  In 
addition,  this  cell  death  process  attracted  a  pronounced  infiltration  of  macrophages  but 
without  an  inflammatory  response.  Disruption  of  dead  tumor  cells  was  rare,  but 
disruption  of  macrophages  was  common.  These  morphologic  features  suggest  that  the 
cell  death  process  of  the  c-myc  transgenic  mammary  tumor  cells  may  not  be  typical 
apoptosis,. but  that  it  may  be  related  to  the  pre-existent  alterations  in  mitochondria  and  to 
the  possibly  resulting  insufficiency  in  energy  generation.  These  results  raise  a 
fundamental  question  as  to  whether  the  cell  death  appearing  in  other  c-myc-  expressing 
tissues  is  also  distinct  from  classical  apoptosis. 
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Figure  legends 


Fig  1.  Hematoxylin  and  eosin  (HE)  staining  of  c-myc  transgenic  mammary  tumor  tissue. 
A  glandular  type  of  focus  (A)  within  a  c-myc  tumor  does  not  show  any  dead  cell  islands, 
in  contrast  to  the  many  such  islands  in  its  surrounding  tumor  area  (arrow).  However, 
there  are  clusters  of  dying  or  dead  tumor  cells  (arrowhead)  in  the  cavities  of  the  tumor 
glands  within  this  type  of  focus  (A  and  D).  A  focus  (B)  shows  a  mixed  morphology  of 
solid  and  glandular  types  of  tumor  cells;  an  arrow  indicates  a  tumor  gland.  A  tumor  area 
at  low  magnification  (C)  shows  many  dead  cell  islands  (arrow).  A  group  of  cells  (arrow 
in  E)  are  separated  from  their  surrounding  tumor  cells  by  an  intercellular  space  that  might 
have  resulted  from  cell  shrinkage;  at  this  time  point,  the  morphology  of  these  cells  is  still 
similar  to  the  surrounding  cells.  Cells  in  dead  cell  islands  showed  nuclear  fragments 
(arrow  in  F,  G,  and  H).  There  are  many  small  nuclear  fragment-like  components  inside 
one  giant  cell  (arrowhead  in  F),  which  is  likely  to  be  a  macrophage.  In  a  dead  cell  island, 
one  cell  seems  to  show  a  condensed  nucleus  (arrowhead  in  G),  while  cell  debris  appears 
in  another  dead  cell  island  (arrow  in  I). 

Fig  2:  Toluidine  blue  staining  of  c-myc  transgenic  mammary  tumor  tissue  that  was  pre¬ 
stained  with  osmium  tetroxide  and  uranyl  acetate.  Two  types  of  tumor  cells,  i.e.  light  and 
dark  cells,  were  identified  (A  and  B).  Note  that  few  dead  tumor  cells  appear  in  the  dead 
cell  islands  (A  and  B),  except  several  huge  macrophages  (arrow)  containing  many 
intensely  stained  phagosomes.  Macrophages  could  also  appear  among  the  viable  tumor 
cells  (C).  Some  phagosomes  show  a  staining  density  as  light  as  the  cytoplasm  of  viable 
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tumor  cells,  but  contain  intensely  stained  components  within  the  phagosomes  (arrowhead 
in  A,  B  and  D).  These  light-stained  phagosomes  could  contain  entire  engulfed  dead  tumor 
cells,  while  the  dark  components  within  them  might  be  nuclear  fragments.  A  disrupted 
cell  is  indicated  in  E;  its  large  body  size  and  phagosomes  suggest  that  it  may  be  a  dead 
macrophage. 

Fig.  3:  TUNEL  staining  (brown  color)  of  c-myc  transgenic  tumor  tissue  (A,  C,  and  D) 
and  hyperplastic  lesion  (B),  with  hematoxylin-counter  staining  (blue  color).  Positive 
nuclei  in  the  tumor  tissue  appear  in  clusters  to  form  dead  cell  islands  (A,  C  and  D), 
whereas  positive  nuclei  in  a  hyperplastic  lesion  adjacent  to  a  tumor  area  appear 
individually,  without  formation  of  dead  cell  islands.  The  chromatin  density  of  the  positive 
nuclei  in  dead  cell  islands  is  similar  to  that  of  the  viable  tumor  cells.  There  is  no 
cytoplasm  surrounding  most  of  the  positive  nuclei  within  dead  cell  islands,  although  the 
cytoplasm  of  the  viable  tumor  cells  can  be  discerned  clearly  by  its  weak  hematoxylin 
staining.  There  are  some  small  positive  particles  embedded  in  cytoplasm  (arrow  in  C  and 
D),  which  could  be  nuclear  fragments  inside  macrophages.  Several  positive  nuclei  are 
encapsulated  by  cell  membrane  (arrowhead  in  D),  indicating  that  they  might  be 
phagocytosed  by  a  macrophage. 

Fig.  4:  Ultrastructure  of  c-myc  transgenic  tumor  tissue.  According  to  their  electron- 
density,  the  tumor  cells  could  be  divided  into  two  categories  of  dark  cells  and  light  cells 
(A).  Most  tumor  cells  show  one  or  more  giant  nucleoli  (A  and  B).  Mitochondria  (arrow) 
of  the  tumor  cells  show  either  electron-light  (B  and  C)  or  electron-dark  (D)  amorphous 
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matrix,  with  absent  or  very  few  cristae.  When  the  cristae  appear,  they  may  be  dilated  to 
cavities  with  irregular  shapes  (arrow  in  D).  Frequently,  the  malformed  mitochondria  are 
degenerated,  characterized  by  lysis  of  matrix  and  cristae,  leaving  a  hollow  mitochondrial 
body  (arrow  in  E).  Macrophages  appear  frequently  in  the  tumor  tissue,  especially  in  the 
places  of  dead  cell  islands  (F  and  G).  Every  macrophage  contains  many  phagosomes 
(arrowhead  in  F  to  J).  Some  phagosomes  show  very  high  electron  density  (H  and  J)  or 
contain  components  with  very  high  electron  density  (I).  Many  phagosomes  could  be  as 
large  as  a  nucleus  and  appear  in  dead  cell  islands  (G),  and  some  resemble  the  nucleus  of 
an  engulfed  cell  (arrow  in  F).  Note  that  in  the  place  of  dead  cell  islands  (G),  tumor  cells 
do  not  show  condensed  nuclei.  Disruption  of  the  cell  membrane  and  release  of 
phagosomes  is  seen  in  a  macrophage  (arrow  in  J). 

Fig  5:  Immunohistochemical  staining  of  cytochrome  c,  AIF  and  CD68  in  c-myc 
transgenic  mammary  tumor  tissue.  Staining  of  cytochrome  c  is  positive  in  major  tumor 
areas  of  the  tumor  tissue  and  in  some  (but  not  all)  dead  cell  islands  (arrow  in  C),  but  the 
staining  intensity  is  much  weaker  compared  to  the  smooth  muscle  cells  (upper-area  in  A) 
and  foci  (B,  C  and  D).  Under  high  magnification,  the  staining  of  cytochrome  c  in  both 
foci  and  surrounding  tumor  area  is  granular  in  the  cytoplasm  (D).  AIF  staining  is 
localized  to  some  nuclei  in  the  dead  cell  islands  (E  and  F).  Staining  for  CD68,  a  marker 
of  macrophages,  identifies  the  positive  cells  in  dead  cell  islands  (G),  in  stroma,  and 
among  the  tumor  cells  (H).  The  staining  is  localized  to  the  cytoplasm  and  probably  also 
cell  membrane,  in  contrast  to  the  nuclear  staining  of  AIF. 
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Fig  6:  Western  blot  analysis  detects  cytochrome  c,  AIF  and  CD68  proteins  in  protein 
lysates  prepared  from  three  (marked  1,  2  and  3)  randomly  selected  c-myc  transgenic 
mammary  tumors. 
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Abstract 

Although  there  have  been  many  reports  on  the  amplification  and  overexpression  of  the  c-myc 
oncogene  in  human  breast  cancer,  few  of  such  studies  have  utilized  in  situ  hybridization 
approaches  to  directly  analyze  the  gene  amplification  and  RNA  expression  on  tumor  tissue 
sections.  In  this  study,  we  analyzed  gene  amplification,  RNA  expression,  and  protein  expression 
of  the  c-myc  gene  in  tissue  specimens  of  high-grade  breast  cancer  with  the  techniques  of 
fluorescent  in  situ  hybridization  (FISH),  non-radioactive  in  situ  hybridization,  and 
immunohistochemistry.  A  surprisingly  high  proportion  (70%)  of  the  tumor  cases  was  found  to 
demonstrate  amplification  of  the  c-myc  gene.  However,  the  level  of  amplification  was 
surprisingly  low,  ranging  between  1-4  copies  of  gene  gains,  and  the  majority  (84%)  of  the  cases 
with  the  gene  amplification  gained  only  1-2  copies.  Approximately  95%  and  79%  of  the  cases 
exhibited  c-myc  RNA  and  protein  overexpression,  respectively;  in  contrast,  reduction 
mammoplasty-derived  breast  tissue  expressed  the  mRNA  and  the  protein  only  in  about  14%  (1  of 
7)  and  0%  (0  of  7)  cases,  respectively.  No  statistically  significant  correlation  was  identified 
among  the  gene  amplification  indices,  the  RNA  expression  scores,  and  protein  expression  scores; 
this  result  may  be  related  in  part  to  the  great  intratumoral  heterogeneity  of  c-myc  expression  at 
both  RNA  and  protein  levels.  In  nearly  all  of  the  tumor  samples,  patches  of  tumor  cells  were 
observed  that  were  both  positive  and  negative  for  expression  of  the  mRNA  and  proteins  of  c-myc 
gene,  irrespective  of  the  gene  amplification  status.  No  specific  tumor  histology  was  identified 
specifically  for  the  positive  expression  nor  the  negative  expression  of  c-myc  at  either  RNA  or 
protein  level.  Some  patches  of  tumor  cells  that  were  negative  for  RNA  expression  were  positive 
for  the  protein,  and  vice  versa.  Predominantly  nuclear  staining  of  c-Myc  protein  was  found  in 
stromal  fibroblasts,  in  hyperplastic  and  dysplastic  lesions,  in  well-differentiated  tumors,  as  well 
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as  in  invasive  tumor  areas.  However,  predominantly  cytoplasmic  staining  of  c-Myc  was  observed 
only  in  the  widely  invasive  tumor  cells,  not  in  fibroblasts,  hyperplastic  or  dysplastic  lesions,  nor 
well-differentiated  tumor  areas.  These  results  indicate  that  high-grade  breast  cancer  may  have 
high  frequency  but  low  copy  numbers  of  the  c-myc  gene  amplification,  as  well  as  high 
frequencies  of  overexpression  at  the  RNA  and  protein  levels.  The  gene  amplification,  RNA 
overexpression  and  protein  overexpression  of  c-myc  are  not  necessarily  interrelated.  The 
occurrence  of  predominantly  cytoplasmic  localization  of  c-Myc  protein  may  correlate  with  the 
tumor  aggressiveness  and  thus  a  poor  prognosis. 


Introduction 


The  c-myc  oncogene  has  been  shown  amplified  and/or  overexpressed  in  many  types  of 
human  cancer  (1-4).  Numerous  in  vivo  experiments  have  also  causally  linked  aberrant  expression 
of  this  gene  to  the  development  and  progression  of  cancer  at  different  body  sites  (1-4).  However, 
several  critical  issues  regarding  the  significance  of  c-Myc  to  human  cancer  still  remain  obscure. 
First,  even  for  a  given  type  of  malignancy,  the  frequencies  of  the  alterations  of  c-myc  at  the 
cytogenetic  and  expression  levels  vary  greatly  from  one  report  to  another  (3).  For  instance,  the 
frequencies  for  its  amplification,  RNA  overexpression  and  protein  overexpression  in  breast 
cancer  vary  between  1-94%,  22-95%,  and  roughly  50-100%,  respectively,  among  different 
clinical  reports  (3).  Thus,  it  is  still  unclear  to  what  extent  this  gene  is  altered  at  the  cytogenetic 
level  and  at  different  expression  levels  in  cancers  of  the  breast  and  other  body  sites. 

Another  controversial  issue  pertains  to  the  prognostic  value  of  c-Myc  alterations  in  cancer. 
The  central  role  of  c-Myc  in  accelerating  cell  proliferation  documented  by  many  early  studies 
has  led  to  a  general  concept  for  many  types  of  cancer  that  amplification  or  overexpression  of  this 
gene  may  be  associated  with  a  more  aggressive  tumor  and  a  poorer  patient  survival  (1-7). 
However,  many  reports  have  also  shown  the  opposite  correlation  (8-19),  while  other  studies  do 
not  support  either  of  these  conclusions.  For  instance,  amplification  or  overexpression  of  c-myc 
has  also  been  shown  to  associate  with  a  better  tumor  differentiation  or  a  better  patient  survival 
for  the  cancer  of  the  testis,  ovary,  bile  ducts,  colon,  and  breast  (8-19).  This  controversy  may  not 
completely  be  related  to  the  cancer  type,  since  both  positive  (5-7)  and  negative  (8-11,18,19) 
correlations  have  been  reported  for  colon  cancer  and  breast  cancer.  More  interestingly,  c-Myc 
overexpression  has  been  shown  to  predict  a  poorer  prognosis  for  cutaneous  melanoma  but  a 
better  outcome  for  uveal  melanoma  (20-24),  although  different  opinion  still  exists  (25).  These 
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data  indicate  different  roles  of  c-Myc,  even  in  the  same  type  of  tumor,  depending  upon  different 
microenvironments. 

A  third  unsolved  issue  concerns  the  intracellular  localization  of  the  c-Myc  oncoprotein,  c- 
Myc  functions  as  a  transcription  factor  and  therefore  should  be  localized  to  the  nucleus. 
However,  in  many  immunohistochemical  studies  with  different  c-Myc  primary  antibodies,  the  c- 
Myc  protein  is  observed  not  only  in  the  nucleus  but  also  in  the  cytoplasm  or  in  both  nucleus  and 
cytoplasm  (25-28).  Some  studies  showed  that  the  cytoplasmic  immunostaining  might  be  an 
artifact  of  formalin-fixation  of  the  tissue  (29,30),  whereas  other  experiments  showed  that  it  was 
irrelevant  to  the  fixation  (31).  Nevertheless,  recent  western  blot  analysis  with  nuclear  extracts 
and  cytoplasmic  extracts  have  demonstrated  the  existence  of  c-Myc  protein  in  both  nucleus  and 
cytoplasm  (27).  Some  reports  have  revealed  that  it  is  the  cytoplasmic  immunostaining,  but  not 
the  nuclear  staining,  that  is  associated  with  the  tumor  grade,  tumor  differentiation,  tumor 
invasion,  and/or  patient  survival  (32-35).  Furthermore,  studies  on  neoplasm  of  the  colon,  testis, 
ovary,  and  liver  have  shown  that  predominantly  nuclear  localization  of  c-Myc  tends  to  occur  in 
benign  lesions,  while  predominantly  cytoplasmic  localization  tends  to  occur  in  more  malignant 
tumors  (11,13,32,36,37).  Whether  these  patterns  of  subcellular  localization  of  c-Myc  tend  to 
reflect  the  malignant  status  of  breast  cancer  remains  an  open  question. 

To  begin  to  address  more  clearly  these  issues  in  breast  cancer,  we  studied  the  amplification 
and  overexpression  of  the  c-myc  gene  with  fluorescent  in  situ  hybridization  (FISH),  non¬ 
radioactive  in  situ  hybridization,  and  immunohistochemical  approaches  on  paraffin-embedded 
biopsy  sections  of  untreated  high-grade  breast  cancer.  It  was  observed  that  70%,  95%,  and  79% 
of  the  cancer  cases  exhibited  c-myc  gene  amplification,  RNA  overexpression,  and  protein 
overexpression,  respectively.  In  most  (84%)  cases  that.,showed  the  gene  amplification,  the  c-myc 
gene  gained  only  1  to  2  copies.  Nuclear  localization  of  the  c-Myc  protein  occurred  in  normal. 
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benign,  or  malignant  cells,  whereas  cytoplasmic  localization,  with  or  without  additional  nuclear 
localization,  occurred  only  in  those  invasive  tumor  cells.  Thus,  cytoplasmic  localization  of  c- 
Myc  may  correlate  with  the  tumor  aggressiveness  and  possibly  also  poor  prognosis. 

Materials  and  methods 

Materials.  Formalin-fixed,  paraffin-embedded  tissue  blocks  of  human  breast  cancer  and 
normal  breast  tissue  were  obtained  from  the  Histopathology  and  Tissue  Shared  Resource  at  the 
Lombardi  Cancer  Center  at  Georgetown  University  Medical  Center.  The  criteria  for  tumor 
selection  were  the  following  parameters:  negative  progesterone  receptor  status,  positive  lymph 
node  involvement,  and  high  tumor  grade.  The  parameters  were  chosen  from  our  prior  meta 
analysis  (38)  as  indications  of  a  high  likelihood  of  c-myc  amplification.  Normal  breast  tissue 
specimens  were  from  reduction  mammoplasty.  Serial  sections  (5  pm)  of  individual  tissue  blocks 
were  prepared  by  the  Histopathology  Laboratory  for  the  analyses  of  FISH,  in  situ  hybridization, 
and  immunohistochemistry. 

FISH.  A  dual-label  FISH  technique  was  used  (39).  Sections  were  deparaffinized  with  xylene 
and  re-hydrated  with  a  graded  series  of  70%,  80%,  and  95%  ethanol  at  room  temperature. 
Samples  were  then  digested  with  4%  pepsin  (Sigma,  St.  Louis,  MO)  at  45  °C  for  10  minutes. 
DNA  probes  used  were  an  alpha  satellite  probe  to  chromosome  8,  labeled  with  biotin,  and  a  c- 
myc  probe  labeled  with  digoxigenin  (Ventana,  Tucson,  AZ).  Detection  of  signals  was 
accomplished  with  an  anti-avidin  antibody  labeled  with  Texas  Red,  and  an  anti-digoxigenin 
antibody  conjugated  to  fluorescein  (Ventana,  Tucson,  AZ).  Slides  were  post-washed  in  2xSSC  at 
72  °C  for  5  minutes  and  counterstained  with  DAPI  to  visualize  cell  nuclei.  Results  were  viewed 
and  quantified  with  a  Zeiss  Axiophot  fluorescence  microscope  equipped  with  appropriate  filters 
and  an  Applied  Imaging  Cytovision  system  (Pittsburgh,  PA).  In  this  approach,  the  c-myc  unique 
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sequence  probe  was  visualized  as  a  green  signal  and  the  control  probe  for  the  chromosome  8 
centromere  was  red,  thus  easily  being  distinguished  when  scored. 

One  serial  section  from  each  tumor  sample  was  stained  with  hematoxylin  and  eosin  and  first 
reviewed  by  a  pathologist,  to  help  identify  the  tumor  area  of  the  section.  This  procedure  ensured 
that  the  tumor  cells,  but  not  the  normal  cells,  were  counted.  Nuclei  of  20  tumor  cells  were  scored 
from  each  FISH-stained  section  independently  by  two  investigators.  Hybridization  signals  were 
averaged  and  the  amplification  index  was  presented  as  the  number  of  c-myc  signals  divided  by 
the  number  of  chromosome  8  centromere  signals.  A  1.8-fold  increase  was  used  as  the  criterion  to 
judge  the  presence  of  gene  amplification,  as  used  by  other  investigators  (40). 

In  situ  hybridization.  In  situ  hybridization  was  carried  out  with  a  non-radioactive  method 
described  previously  (41,42).  One  serial  section  from  each  specimen  was  hybridized  overnight  at 
60  "C  with  riboprobes  that  were  in  vitro  transcribed  from  the  antisense  or  sense  strand  of  an 
approximately  300bp  cDNA  of  human  c-myc  (EST11414L,  ATCC,  Manassas,  VA),  labeled  with 
digoxigenin-conjugated  UTP.  The  sections  were  then  incubated  with  an  antibody  against 
digoxigenin,  followed  by  incubation  with  a  second  antibody  conjugated  to  alkaline  phosphatase. 
The  signal  was  visualized  by  color  development  with  5  bromo-4-chloro-3-indolyl  phosphate  and 
nitroblue  tetrazolium.  All  reagents  were  purchased  from  Boehringer  Mannheim,  Indianapolis, 
Indiana.  To  control  the  signal  specificity,  two  serial  sections  were  mounted  on  the  same  slide  for 
hybridization  with  the  antisense  and  sense  probes,  respectively.  The  cut-off  for  positive  cases  for 
the  mRNA  expression  was  subjectively  set  at  10%  or  more  of  tumor  cells  that  showed  clearly 
stronger  staining  than  the  cells  hybridized  with  the  sense  probe.  The  expression  levels  were 
subjectively  scored  as  -,  +,  ++,  -i-++,  in  order  of  the  negative  to  the  strongest  positive. 

Immunohistochemistry.  Immunohistochemical  staining  was  performed  using  an  avidin- 
biotin  complex  (ABC)  method  described  previously  (43).  One  serial  section  of  each  specimen 
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was  deparaffinized  and  blocked  with  3%  peroxide.  Antigens  were  retrieved  by  heating  in  a 
microwave  oven  in  50  mM  citrate  buffer,  pH  6.0,  after  boiling  for  12  minutes.  After  blocking 
with  6%  normal  goat  serum,  the  section  was  incubated  with  a  mouse  monoclonal  antibody  to 
human  c-Myc  (9E10,  Sigma  Chemical  Company,  St.  Louis,  MO)  for  2  hours,  followed  by  1 
hour  incubation  with  a  second  antibody  conjugated  with  biotin  (Vector  Laboratories  Inc., 
Burlingame,  CA).  The  section  was  then  incubated  with  peroxidase-conjugated  avidin  (Dako, 
Corporation,  Carpinteria,  CA)  for  30  minutes,  followed  by  color  development  with 
diaminobenzidine  and  peroxide.  All  procedures  were  carried  out  at  room  temperature.  To  control 
the  signal  specificity,  serial  sections  from  ten  tumor  samples  were  also  stained  by  using  another 
c-Myc  antibody  (Cl 9  from  Santa  Cruz  Biotechnology  Inc.,  Santa  Cruz,  CA).  This  antibody 
resulted  in  positive  staining  in  the  same  patches  of  tumor  cells  as  seen  in  the  staining  by  using 
9E10  antibody,  but  the  staining  intensity  was  weaker.  Also  to  control  the  signal  specificity,  serial 
sections  were  made  from  five  selected  positive  cases  and  were  subjected  to  the  same  staining 
procedure,  with  a  normal  mouse  IgG  to  replace  the  c-Myc  antibody.  This  control  staining  did  not 
give  rise  to  a  signal,  demonstrating  the  specificity  of  the  signal  given  by  the  c-Myc  antibody.  The 
cut-off  for  positive  cases  was  subjectively  set  at  10%  or  more  of  tumor  cells  that  showed  clear 
staining.  The  expression  levels  were  subjectively  scored  as  -,  -t-,  +-1-,  +-+-1-,  in  order  of  the  negative 
to  the  strongest  positive. 

Statistical  Analyses.  For  each  analysis  of  gene  amplification,  RNA  expression,  and  protein 
expression,  all  cases  were  first  grouped  as  positive  or  negative  to  calculate  the  percentages  of 
positive  cases  and  negative  cases.  The  x  test  was  used  for  the  comparisons  between  the 
percentage  of  the  cases  with  gene  amplification  and  the  percentage  of  the  RNA  positive  cases, 
between  the  percentage  of  the  cases  with  gene  amplification  and  the  percentage  of  the  protein 
positive  cases,  as  well  as  between  the  percentage  of  mRNA  positive  cases  and  the  percentage  of 
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protein  positive  cases.  To  further  estimate  the  association  of  the  amplification  indices  with  the 
RNA  expression  levels,  the  4-categories  of  RNA  expression  levels  (-,  +,  ++,  +++)  were  first 
converted  to  the  scores  of  1,  2,  3,  and  4,  respectively.  Each  amplification  index  was  paired  with 
its  corresponding  RNA  expression  score  to  calculate  the  coefficient  r.  The  same  method  was 
used  to  estimate  the  association  of  the  amplification  indices  with  the  c-Myc  protein  expression 
levels,  and  the  association  of  the  RNA  expression  levels  with  the  protein  expression  levels.  A  p 
value  of  0.05  was  used  to  determine  the  statistical  significance  in  all  analyses. 

Results 

FISH  analysis  of  gene  amplification 

Amplification  of  the  c-myc  gene  was  measured  by  a  FISH  test  in  46  cases  of  breast  cancer;  a 
representative  photograph  of  these  results  is  shown  in  Figure  1.  A  1.8-fold  increase  cut-off  was 
calculated  by  the  number  of  c-myc  signals  divided  by  the  number  of  chromosome  8  alpha 
satellite  signals,  and  was  used  to  judge  gene  amplification.  As  shown  in  Table  1,  32  of  46  (70%) 
cases  were  gene  amplified  for  c-myc,  whereas  only  30%  (14/46)  of  the  cases  showed 
amplification  indices  lower  than  the  cut-off  value.  However,  the  amplification  indices  for  most 
(84%,  or  27/32)  cases  with  gene  amplification  ranged  between  1.8  and  3,  indicating  that  the 
locus  gained  only  1  to  2  copies  of  c-myc  in  the  majority  of  the  cases.  The  percentage  of  cases 
with  gene  gains  of  3  copies  or  higher  was  only  11%  (5/46)  of  total  cases  analyzed  or  near  16% 
(5/32)  of  the  cases  with  gene  amplification,  including  1  case  (2%  of  total  cases  or  3%  of  the 
cases  with  gene  amplification)  with  the  highest  index  of  5  (a  gain  of  4  copies).  The  FISH 
technique  required  a  fluorescence  microscopic  observation,  and  therefore  the  topographic 
relationship  between  gene  amplification  and  tumor  morphology  was  not  studied. 
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In  situ  hybridization  analysis  of  c-myc  mRNA  expression 

A  total  of  62  breast  cancer  samples,  including  those  subjected  to  the  FISH  analysis,  were 
studied  for  c-myc  mRNA  expression,  using  in  situ  hybridization  with  a  non-radioactive 
technique.  Hybridization  with  an  antisense  probe  localized  the  mRNA  to  the  cytoplasm  of  the 
positive  cells  (Fig  2a),  in  strong  contrast  to  the  weak,  background  staining  in  the  whole  cells  on 
the  sections  hybridized  with  the  sense  probe  included  as  controls  (Fig  2b). 

As  shown  in  Table  2,  95%  (59/62)  of  the  tumor  cases  were  positive  RNA  expression,  slightly 
but  significantly  higher  than  the  percentage  of  the  cases  with  gene  amplification  (p<0.05).  Of  the 
3  cases  negative  for  the  mRNA  expression,  2  were  positive,  but  1  was  negative,  for  gene 
amplification.  The  mRNA  positive  cases  were  distributed,  without  significant  difference,  among 
those  with  and  without  the  gene  amplification.  Correlation  analysis  did  not  identify  any 
significant  association  between  the  RNA  expression  levels  and  the  gene  amplification  indices.  In 
addition,  1  of  7  normal  mammary  tissue  samples  obtained  fi-om  reduction  mammoplasty 
unexpectedly  exhibited  moderate  expression  of  c-myc  mRNA  in  about  50%  of  the  mammary 
gland  epithelial  cells. 

In  tumor  specimens,  the  positive  staining  was  localized  mostly  to  the  tumor  cells  (fig  2a), 
sometimes  to  the  fibroblasts  and  the  endothelial  cells  of  blood  capillaries  and  small  veins  in  the 
tumor  stroma.  Even  when  the  tumor  cells  were  negative  for  the  RNA  expression,  some 
fibroblasts  in  the  tumor  stroma  still  showed  strong  positive  for  c-myc  expression  (Fig  2d). 
Epithelia  in  normal  mammary  glands  adjacent  to  the  tumor  areas  were  usually  negative  for 
expression  of  c-myc,  however,  myoepithelial  cells  surrounding  the  mammary  epithelia  often 
showed  positive  (Fig  2a).  The  staining  in  hyperplastic  and  dysplastic  lesions,  which  were  often 
adjacent  to  tumor  areas,  was  variable  between  nega,tive  and  moderately  positive,  but  usually 
weaker  than  the  staining  in  tumor  cells  (Fig  2c). 
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RNA  expression  usually  was  heterogeneous  in  the  tumor  tissue.  Commonly,  within  an 
individual  tumor,  some  patches  of  tumor  cells  showed  strong  expression  while  other  patches 
showed  little  expression.  Even  in  those  cases  that  were  classified  to  the  negative  category,  there 
still  were  some  tumor  cells  individually  scoring  positive  for  RNA  expression.  The  morphology 
of  the  positive  and  the  negative  patches  were  either  similar  or  very  different  (Fig  2e,  2f  and  2g); 
no  particular  tumor  morphology  was  identified  specifically  for  positive  or  negative  expression. 
However,  widely  invasive  tumor  cells,  which  were  usually  poorly-differentiated  and 
disseminated  in  the  stromal  or  adipose  tissue,  always  showed  strong  expression  (Fig  2h  and  2i). 

Immunohistochemical  staining  of  c-Myc  proteins 

Fifty-two  breast  cancer  cases,  which  included  those  subjected  to  FISH  analysis  and  had  also 
been  analyzed  for  c-myc  mRNA  by  in  situ  hybridization,  were  also  analyzed  for  the  expression 
of  c-Myc  protein  using  immunohistochemical  staining  with  the  9E10  antibody.  As  shown  in 
Table  2,  79%  (41/52)  of  the  cases  were  positive  for  c-Myc  protein;  this  was  similar  to  the 
percentage  of  the  cases  for  the  gene  amplification  but  was  significantly  (p<  0.05)  lower  than  the 
percentage  of  the  cases  positive  for  the  RNA  expression.  Of  the  11  (17%)  cases  that  were 
negative  for  the  c-Myc  protein,  2  were  negative,  but  9  were  positive,  for  the  RNA  expression.  No 
significant  correlation  was  identified  between  the  RNA  expression  levels  and  the  protein 
expression  levels.  Of  the  protein  positive  cases,  81%  were  positive,  whereas  19%  were  negative, 
for  gene  amplification.  Of  the  protein  negative  cases,  69%  were  positive,  whereas  31%  were 
negative,  for  gene  amplification.  Statistical  analysis  did  not  identify  any  correlation  between  the 
gene  amplification  indices  and  the  protein  expression  levels.  All  7  specimens  of  normal 
mammary  tissue  from  reduction  mammoplasty  exhibited  negative  staining  for  c-Myc  protein. 
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Expression  of  c-Myc  protein  was  mainly  localized  to  tumor  cells  or  to  the  cells  in  the 
hyperplastic  and  dysplastic  lesions  (Fig  3a  and  3b),  although  fibroblasts  in  tumor  stroma 
sometimes  were  also  positive.  Epithelia  in  the  normal  mammary  glands  near  the  tumor  areas 
were  usually  negative;  however,  as  seen  for  the  RNA  expression,  myoepithelial  cells  surrounding 
the  normal  epithelia  were  usually  positive  in  the  nucleus  (not  shown).  Similar  to  RNA 
expression,  in  almost  every  tumor,  there  were  patches  of  tumor  cells  showing  strong  staining, 
while  other  patches  exhibited  negative  expression.  Some  patches  that  were  negative  for  the  RNA 
expression  were  still  positive  for  the  protein,  and  vice  versa.  In  the  surrounding  of  negative 
patches,  there  often  were  some  fibroblasts  showing  moderately  positive  staining.  Even  in  those 
1 1  negative  samples,  many  fibroblasts  (Fig  3c)  and  a  small  number  of  tumor  cells  still  exhibited 
moderate  staining.  Therefore,  the  negative  staining  of  tumors  is  unlikely  to  be  an  artifact  of 
tissue  fixation  or  processing. 

The  c-Myc  protein  could  be  localized  to  the  cytoplasm,  nucleus,  or  both.  Hyperplastic  and 
dysplastic  lesions  mainly  showed  nuclear  staining  (Fig  3b),  while  relatively  better-differentiated 
tumor  areas  exhibited  predominantly  nuclear  staining  with  weak  cytoplasmic  staining  in  some 
cells  (Fig  3d).  On  the  other  hand,  poorly-differentiated,  widely  invasive  tumor  cells  that  were 
disseminated  in  the  stroma  or  in  the  adipose  tissue  showed  any  of  these  three  patterns: 
predominantly  nuclear  staining  (Fig  3e),  predominantly  cytoplasmic  staining  (Fig  3f),  or  mixed 
nuclear  and  cytoplasmic  staining  (Fig  3g).  The  tumor  cells  that  manifested  predominantly 
cytoplasmic  staining  were  usually  large  in  cell  sizes  and  abundant  with  cytoplasm  (Fig  3f).  In 
strong  contrast  to  the  nuclear  staining,  predominantly  cytoplasmic  staining  was  never  observed 
in  fibroblasts,  in  hyperplastic  lesions,  nor  in  dysplastic  lesions.  Predominant  cytoplasmic  staining 
was  seen  only  rarely  in  the  relatively  better-differentiated  tumor  areas. 
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To  verify  the  staining  specificity,  serial  sections  from  ten  tumor  specimens  that  were  positive 
for  9E10  antibody  were  also  stained  by  using  the  Cl 9  rabbit  polyclonal  c-Myc  antibody.  This 
antibody  resulted  in  the  same  staining  pattern  as  9E10.  As  shown  in  Fig  3h  and  3i,  the  patches  of 
tumor  cells  positive  for  9E10  were  also  positive  for  Cl 9,  and  vise  versa.  However,  it  was 
common  that  the  staining  intensity  resulted  from  Cl 9  was  weaker  than  9E10.  The  specificity  of 
these  two  antibodies  had  also  been  verified  by  using  western  blot  approach  in  our  previous 
studies  (42,  44). 

Discussion 

Although  there  have  been  many  reports  on  c-myc  amplification  in  human  breast  cancer  (3),  to 
our  knowledge  there  are  only  two  reports  involving  application  of  the  FISH  technique  to  unfixed, 
frozen  sections  (45,46)  and  one  study  using  the  FISH  on  tissue  microarray  (47).  Using  the  FISH 
technique  on  formalin-fixed,  paraffin-embedded  sections,  we  now  show  that  70%  of  high-grade 
breast  cancer  samples  bear  the  c-myc  gene  amplification.  However,  the  level  of  amplification 
was  surprisingly  low,  ranging  between  1-4  additional  copies  of  the  gene;  the  majority  (84%)  of 
the  cases  with  the  gene  amplification  gained  only  1-2  copies,  similar  to  the  data  reported  for 
metastatic  prostate  carcinomas  (39).  The  percentage  of  the  amplified  tumors  reported  herein  is 
much  higher  than  the  average  figure  (15.5%)  reported  in  the  literature,  independent  of  tumor 
grade,  as  quantified  in  a  recent  meta-analysis  (38).  This  could  be  the  result  of  the  much  higher 
sensitivity  and  precision  of  the  FISH  method.  In  addition,  the  70%  of  amplified  tumors  in  this 
study  are  also  much  higher  than  the  12%  reported  by  Schraml  et  al  using  the  FISH  on  tissue 
microarray  (47).  This  large  difference  may  be  because  the  arrays  are  further  prepared  from 
paraffin-embedded  tissue  and/or  because  the  arrayed  tissues  are  as  small  as  0.6  mm  in  diameter 
(so-called  “micro”)  and  contain  too  few  tumor  cells  for  the  analysis.  We  also  consider  it  likely 
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that  the  percentage  of  the  amplified  tumors  and  the  copy  number  of  gene  gains  in  low-grade 
breast  cancer  be  lower  than  the  70%  and  the  1-2  additional  copies,  respectively,  noted  for  the 
high  grade  tumors  in  this  study. 

Most  reports  on  the  expression  of  c-myc  mRNA  utilized  Northern  blot,  dot  blot,  or  PCR- 
based  approaches  while  just  a  few  involved  in  situ  hybridization,  mainly  performed  on  frozen 
sections  (3).  Normal  breast  tissue  is  dominated  by  adipose  cells,  differing  greatly  from  tumor 
tissue  in  epithelial  cellularity.  Thus,  normal  and  tumor  tissues  may  not  be  rigorously  compared 
by  techniques  involving  RNA  extraction  from  total  tissue.  Therefore,  theoretically,  no  conclusion 
like  “increased  expression”  should  be  drawn  from  the  studies  with  Northern  blot,  dot  blot  and 
PCR-based  techniques  that  require  RNA  extraction.  Using  a  more  sensitive,  non-radioactive  in 
situ  hybridization  approach  on  formalin-fixed,  paraffin-embedded  sections,  we  reported  herein 
that  about  95%  of  high-grade  breast  cancer  biopsies  show  c-myc  overexpression,  compared 
either  to  the  normal  mammary  glands  distant  from  the  tumor  areas  in  the  same  specimen  or  to  the 
mammary  glands  from  reduction  mammoplasty.  This  figure  is  much  higher  than  the  recently 
reported  data  (22%)  obtained  by  using  a  real-time  RT-PCR  method  (19).  Dilution  of  the  RNA 
from  epithelium  by  the  RNA  from  adipose  in  normal  breast  tissue  in  this  latest  report  may  be  one 
of  the  possible  explanations  for  this  large  difference. 

Although  70%,  95%,  and  79%  of  the  tumor  samples  in  our  study  manifest  gene 
amplification,  RNA  overexpression,  and  protein  overexpression,  respectively,  no  significant 
correlation  was  identified  between  the  indices  of  gene  amplification  and  the  expression  at  either 
RNA  level  or  protein  levels.  One  of  the  possible  explanations  is  that  in  most  cases, 
overexpression  of  c-myc  at  the  RNA  or  protein  level  may  involve  mechanisms  other  than  gene 
amplification,  such  as  increased  transcription  and  increased  stability  of  RNA  and  protein  that  are 
well  documented  in  the  literature  (1-7).  The  eleven  breast  cancer  specimens  that  are  negative  for 
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the  protein  but  positive  for  the  RNA  indicate  that  the  mRNA  induction  may  not  necessarily  lead 
to  an  increase  in  the  protein  level.  Suppression  at  different  post-transcriptional  levels  could  be 
involved,  which  further  contributes  to  the  lack  of  the  correlation  between  the  RNA  levels  and  the 
protein  levels.  Moreover,  great  intratumoral  heterogeneity  in  c-myc  expression  at  both  RNA  and 
protein  levels,  manifested  as  positive  and  negative  patches,  also  makes  the  statistical 
comparisons  somewhat  problematic. 

Many  studies  involving  different  c-Myc  primary  antibodies  in  approaches  of 
immunohistochemistry  (11,13,14,25-28,32-36)  and  western  blot  (27)  have  shown  a  cytoplasmic 
localization  of  c-Myc  protein,  with  or  without  nuclear  localization.  In  the  normal  mucosa  of 
colon,  exclusively  cytoplasmic  staining  was  observed  in  the  mature  zone,  whereas  mixed  nuclear 
and  cytoplasmic  staining  was  discerned  in  the  maturation  zone,  with  exclusively  nuclear  staining 
in  the  proliferative  zone  (36).  In  testis,  cytoplasmic  staining  was  observed  in  normal  interstitial 
and  Leydig  cells,  with  predominantly  nuclear  staining  in  benign  seminomas,  whereas  mixed 
cytoplasmic  and  nuclear  staining  was  discerned  in  undifferentiated,  clinically  aggressive 
malignant  teratomas,  which  was  somewhat  controversial  to  the  above  observations  (13).  More 
confusingly,  cytoplasmic  staining  has  been  shown  to  associate  with  the  tumor  grade, 
differentiation,  invasion,  and/or  patient  survival  at  least  for  cancers  of  ovary,  kidney,  colon,  and 
breast  (32-35).  For  neoplasm  of  the  colon  and  ovaries,  nuclear  localization  of  c-Myc  tends  to  be 
more  frequent  in  benign  lesions  whereas  cytoplasmic  localization  tends  to  be  in  more  malignant 
tumors  (11,13,32,36,37).  Thus,  although  these  confusing  data  suggest  that  the  subcelullar 
localization  of  c-Myc  may  be  interrelated  to  the  status  of  proliferation  or  differentiation  of  a 
tissue,  the  picture  of  such  interrelationship  is  still  obscure. 

High-grade  tumors  are  commonly  very  heterogeneous,  containing  not  only  poorly- 
differentiated  areas  but  usually  also  some  well-differentiated  areas  and  even  some  normal  tissue 
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and  benign  lesions.  We  use  this  heterogeneity  to  explore  the  interrelationship  between  the 
subcellular  localization  of  c-Myc  and  the  proliferation  or  differentiation  of  a  tissue,  in  a 
topographic  manner  within  each  tumor  individuals,  thus  potentially  ruling  out  the  possible 
artifact  of  tissue  fixation  and  processing.  We  find  that  nuclear  staining  occurs  in  all  normal, 
benign,  well-differentiated,  and  invasive  tumor  tissues,  which  is  conflicting  with  the  observation 
that  nuclear  c-Myc  tends  to  be  more  frequent  in  benign  lesions  in  ovary  and  colon  (11,32,36).  In 
addition,  we  also  find  that  cytoplasmic  staining  of  c-Myc  occurs  predominantly  in  invasive 
tumor  cells  and  occasionally  in  better-differentiated  tumors,  but  not  in  normal  cells  and  benign 
lesions.  These  results  are  consistent  with  the  reports  that  cytoplasmic  c-Myc  tends  to  occur  in 
more  malignant  tumors  in  some  organs  (32-35),  but  conflicting  with  the  observations  that 
cytoplasmic  c-Myc  tends  to  occur  in  normal,  differentiated  cells  in  testis  and  colon  (13,29,36). 
Thus,  it  is  possible  that  the  interrelationship  between  the  subcellular  localization  of  c-Myc  and 
the  status  of  proliferation/differentiation  may  be  tissue-specific.  For  the  breast  cancer, 
appearance  of  cytoplasmic  staining  of  c-Myc  may  correlate  with  the  tumor  aggressiveness  and 
possibly  a  poor  prognosis. 

In  a  physiological  situation,  the  c-Myc  protein  has  a  very  short  half-life  and  should  increase 
only  transiently  at  the  GO/Gl  transit  of  the  cell  cycle.  A  quick  down-regulation  after  the  cell 
enters  G1  phase  may  be  needed  for  the  expression  of  G1  phase  genes,  such  as  cyclins  D  and  E. 
This  may  be  the  reason  for  the  in  vitro  observation  that  high  level  of  c-Myc  suppresses  cyclin  D1 
expression  (48,49),  and  for  our  recent  finding  that  c-Myc  and  cyclins  D1  and  E  are  reciprocally 
expressed  in  different  areas  of  the  mammary  tumors  developed  in  c-myc  transgenic  mice  (42).  It 
is  thus  possible  that  normal,  benign,  and  less  malignant  cells  may  retain  the  normal  mechanisms 
for  quickly  down-regulating  the  c-Myc  level  after  QO/Gl  transit,  whereas  highly  malignant 
tumors  like  high-grade  breast  cancer  may  have  lost  such  mechanisms  while  c-Myc  expression  is 
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exceptionally  high.  Therefore,  prevention  of  its  entry  into  the  nucleus  such  as  by  binding  of  cdr2 
protein  to  c-Myc  (27),  resulting  in  the  cytoplasmic  accumulation  of  c-Myc,  may  be  used  by  the 
tumor  cells  as  a  mechanism  to  facilitate  the  expression  of  G1  phase  genes,  and  thus  also  cell 
cycle  progression.  Further  studies  on  the  interrelationship  between  c-Myc  and  G1  phase  genes 
are  needed  to  test  this  hypothesis. 

In  conclusion,  the  present  study  shows  that  about  70%,  95%,  and  79%  of  biopsies  of 
untreated  high-grade  breast  cancer  exhibit  c-myc  gene  amplification,  RNA  overexpression,  and 
protein  overexpression,  respectively.  In  most  (84%)  cases  with  gene  amplification,  the  c-myc 
gene  gains  only  1  to  2  copies.  Nuclear  localization  of  c-Myc  proteins  occurs  in  normal,  benign, 
or  malignant  cells,  whereas  cytoplasmic  localization,  with  or  without  nuclear  staining,  occurs 
mainly  in  those  invasive  tumor  cells,  and  may  thus  indicate  the  tumor  aggressiveness  and 
probably  also  a  poor  prognosis. 
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Figure  legends 


Figure  1.  FISH  staining  showing  c-myc  amplification  in  a  tumor  area.  FISH  probe  of  a  human  c- 
myc  unique-sequence  was  shown  as  green  fluorescence,  while  alpha  satellite  probe  to 
chromosome  8  used  as  the  control  was  shown  in  red.  The  nuclei  of  tumor  cells  were  visualized 
by  counter-staining  with  DAPI. 

Figure  2.  Non-radioactive  in  situ  hybridization  of  various  breast  cancer  samples  with  antisense  {a 
and  c  to  /)  or  sense  probes  {b).  a:  c-myc  mRNA  expression  (black  staining)  was  very  high  in 
tumor  cells  (arrow  head)  but  not  in  the  normal  epithelial  cells  adjacent  to  the  tumor  area. 
However,  myoepithelial  cells  surrounding  the  normal  epithelia  (arrow)  were  strongly  positive  in 
the  cytoplasm.  b\  Hybridization  with  a  sense  probe  gave  rise  to  weak  background  staining  in  a 
tumor  tissue.  A  serial  section  of  this  tumor  mounted  on  the  same  slide  and  hybridized  with 
antisense  probe  was  strongly  positive  (not  shown),  c:  A  hyperplastic  lesion  (low-left  comer) 
adjacent  to  the  tumor  areas  (up-right  comer)  were  variable  in  the  staining,  from  negative  (arrow) 
to  moderate  positive,  but  usually  weaker  than  the  staining  in  the  tumor  cells.  d\  Fibroblasts  in  the 
stroma  of  an  RNA  negative  tumor  strongly  expressed  c-myc.  e,  f,  and  g:  Patches  of  tumor  cells 
from  3  individual  tumors  show  either  positive  or  negative  (arrows)  c-myc  expression.  Note  that 
the  morphology  of  the  negative  patches  (arrows)  in  these  three  photos  is  different  from  one  to 
another  and  from  the  positive  patches,  h  and  /:  Widely  invasive  tumor  cells  strongly  expressed 
c-myc. 


Figure  3;  Immunohistochemical  staining  (brown  color)  of  various  breast  cancer  samples  with  the 
9E10  (a  to  h)  or  C19  c-Myc  antibody  (i).  a:  A  high-grade  breast  tumor  shows  predominantly 
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nuclear  staining  of  c-Myc.  b\  c-Myc  is  localized  preferentially  to  the  nuclei  of  the  cells  in  a 
hyperplastic  lesion,  c:  In  a  c-Myc  negative  tumor,  fibroblasts  in  the  stroma  still  show  weak  or 
moderate  staining  for  c-Myc.  d\  An  area  of  relatively  better-differentiated  tumor  cells  showed 
predominant  nuclear  staining,  e:  Tumor  cells  invading  into  stroma  show  strong  nuclear  staining. 
/;  Tumor  cells  invading  into  stroma  exhibit  predominant  cytoplasmic  staining.  Note  that  most 
tumor  cells  are  much  larger  in  sizes  compared  to  the  tumor  cells  in  other  photos,  g:  Many  tumor 
cells  show  mixed  nuclear  and  cytoplasmic  staining  while  some  other  tumor  cells  and  some 
fibroblasts  show  only  nuclear  staining,  h  and  i:  The  same  patch  of  tumor  cells  stained  by  using 
9E10  (/i)  or  Cl 9  antibody  (r)  shows  similar  staining  in  both  cytoplasm  and  nucleus. 
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Table  1.  c-myc  amplification  in  high 
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Table  2.  RNA  and  protein  levels  of  c-myc 
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b:  Protein  level  is  scored  by  immunohistochemical  staining. 
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Abstract 


c-Myc  oncoproteins  can  initiate  transformation  of  cultured  cells  and  mammary 
carcinogenesis  of  transgenic  mice.  These  functions  may  be  exerted  partly  via  regulation  of 
expression  of  several  putative  target  genes  of  c-Myc,  including  cyclins  Dl,  E  and  A2.  Our 
previous  observation  in  the  MMTV-c-myc  transgenic  mice  showed  that  c-myc-initiated 
mammary  tumors  were  initially  positive  for  cyclin  A2,  but  then  underwent  focal  inactivation  of 
expression  of  c-myc  and  cyclin  A,  coincident  with  expression  of  cyclins  Dl  and  E.  Conversely, 
in  c-mydtgfa  bitransgenic  mouse  mammary  tumors,  all  three  cyclins  and  c-Myc  are 
concomitantly  expressed.  Few  studies  have  addressed  the  interrelationships  among  expression  of 
c-Myc  and  these  cyclins  in  human  cancers,  due  to  the  limitation  in  the  approaches  of 
manipulating  gene  expression  in  a  human  tissue.  In  the  present  study,  we  examined  the 
topographic  relationships  of  expression  of  these  three  cyclin  genes  and  c-Myc  on  serial  sections. 
In  the  majority  of  tumor  areas  examined,  cyclin  Dl  and  c-Myc  either  were  reciprocally 
expressed,  or  were  localized  in  different  subcullular  compartments,  i.e.  the  cytoplasm  vs  nucleus. 
Expression  of  cyclin  E  was  associated  with  expression  of  cyclinDl,  c-Myc,  or  both.  Expression 
of  cyclin  A2  was  very  heterogeneous  and  did  not  seem  to  be  associated  particularly  with  c-Myc 
nor  cyclins  Dl  and  E.  Nevertheless,  cyclin  A2  labeling  indices  were  statistically  associated  with 
the  Ki67  labeling  indices  in  most,  but  not  all,  tumor  areas,  indicating  that  expression  of  cyclin 
A2,  in  general,  reflected  the  proliferation  of  tumor  cells.  Invasive  tumor  cells  that  were 
disseminated  in  the  stromal  or  fat  tissue  usually  manifested  a  concomitant  nuclear  staining  of  c- 
Myc  and  cyclins  Dl  and  E,  but  not  cyclin  A2.  Taken  together,  these  results  suggest,  indirectly, 
that  c-Myc  and  cyclin  Dl  may  be  reciprocal  in  their  expression  or  subcelluar  localization, 
whereas  expression  of  cyclin  E  may  require  either  cyclin  Dl  or  c-Myc.  Concomitant  expression 
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of  c-Myc  and  cyclins  D1  and  E  in  the  nucleus  may  reflect  a  more  invasive  potential  than 

•Vi 

expression  of  each  of  these  genes  alone.  Expression  of  cyclin  A2  may  reflect  tumor  cell 
proliferation  in  general,  but  it  is  not  yet  established  as  a  surrogate  of  proliferation  marker  for 
breast  cancer. 
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Introduction 


Breast  cancer  and  many  other  types  of  malignancy  exhibit  overexpression  of  several  genes, 
including  c-myc  and  cyclins  Dl,  E  and  A2,  which  function  to  drive  cell  cycle  progression, 
consistent  with  deregulated  cellular  proliferation  However,  while  a  correlation  among 
expression  of  these  cell  cycle  regulators  and  cancer  aggressiveness  is  indeed  observed  in  many 
studies,  the  opposite  correlation  has  also  been  shown  frequently  in  other  clinical  reports,  even  for 
the  same  type  of  cancer  For  instance,  although  overexpression  of  c-Myc  has  been  shown  in 
some  studies  to  associate  with  a  better  patient  survival  or  a  better  tumor  differentiation  for  breast 
cancer  and  for  cancer  of  the  testis,  bile  ducts  and  colon,  other  studies  show  the  opposite 
Similarly,  cyclin  Dl  overexpression  in  breast  cancer  is  reported  to  be  associated  with  a  poorer 
prognosis  in  some  studies  but  with  a  better  tumor  differentiation  and  a  positive  expression  of 
estrogen  receptor  (ER)  a  in  other  studies  ERa  positivity  is  generally  considered  to  be  an 
indication  of  a  better  therapeutic  response  and  patient  outcome.  These  paradoxical  data  indicate 
that  the  relationship  between  aberrant  expression  of  these  genes  and  the  tumor  aggressiveness 
may  depend  also  on  certain  yet  undefined  tumor  parameters. 

C-myc  is  an  immediate  early  growth  response  gene  and  is  expressed  during  GO/Gl  transit 
of  the  cell  cycle  upon  exposure  of  cells  to  extracellular  growth  stimuli,  such  as  estrogen  in  the 
cases  of  mammary  epithelia  and  breast  cancer  cells  Expression  of  cyclin  Dl  is  induced 

during  mid  G1  phase,  also  upon  exposure  to  extracelular  growth  stimuli;  it  may  remain  high 
during  S  phase  Expression  of  cyclin  E  rises  at  late  G1  and  extends  to  early  S  phase  Unlike 
c-Myc  and  cyclin  Dl,  expression  of  cyclin  E  is  usually  triggered  by  intracellular  signals 
induction  of  cyclin  E  by  extracellular  growth  signal  may  thus  have  an  indirect  mechanism. 
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Cyclin  A2  expression  starts  at  Gl/S  transit  and  is  maintained  at  high  levels  through  S,  G2  and  M 
phases  to  facilitate  DNA  replication  and  mitosis 

Cyclins  Dl,  E  and  A2  have  all  been  suggested  as  c-Myc  target  genes  Expression  of 

cyclin  Dl  has  been  shown  to  be  activated  by  c-Myc  in  cultured  fibroblast  cell  lines  Induction 
of  cyclin  Dl  has  also  been  observed  in  liver  cancer  from  mice  in  which  a  c-myc  transgene  was 
targeted  to  the  liver  Conversely,  however,  other  in  vitro  experiments  have  also  shown  that  c- 
Myc  suppresses  expression  of  cyclin  Dl  In  our  prior  studies  of  mammary  tumors 
developing  from  the  mice  carry  a  c-myc  transgene  under  the  control  of  mouse  mammary  tumor 
virus  (MMTV)  long  terminal  repeat,  we  found  that  cyclin  Dl  expression  was  localized 
exclusively  in  the  specific  focal  areas  that  had  lost  expression  of  c-Myc,  but  not  in  the  areas 
showing  high  levels  of  c-Myc.  This  reciprocal  expression  of  c-Myc  and  cyclin  Dl  may  suggest, 
indirectly,  that  c-Myc  may  suppress  cyclin  Dl  in  mammary  tumors,  at  least  under  a  transgenic 
situation  A  third  relationship  between  c-Myc  and  cyclin  Dl  has  also  been  postulated  in  the 
literature,  which  considers  that  expression  of  cyclin  Dl  is  not  regulated  by  c-Myc  but,  instead, 
parallels  with  the  expression  of  c-Myc;  these  two  proteins  cooperate  to  facilitate  cell  cycle 
progression  and  to  inhibit  apoptosis  Currently,  it  is  unknown  which  of  these  three  types  of 

relationship  between  c-Myc  and  cyclin  Dl  really  occurs  in  vivo  in  general  and  in  human  breast 
cancer  in  particular. 

Expression  of  cyclin  E  has  also  been  shown  to  be  induced  by  c-Myc,  but  the  induction  is 
considered,  at  least  by  some  investigators,  to  be  an  indirect  event  ’  .  Mice  in  which  the  cyclin 
Dl  gene  is  replaced  with  the  cyclin  E  gene  by  a  knockin  approach  show  a  phenotype  identical  to 
the  cyclin  Dl  wild  type,  strongly  suggesting  that  cyclin  E  may  be  the  ultimate  target  of  cyclin  Dl 
responsible  for  the  downstream  events  of  cyclin  Dl  Therefore,  it  remains  possible  that  cyclin 
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D1  may  function  as  an  intermediator  for  the  upregulation  of  cyclin  E  by  c-Myc  or  other 
extracellular  growth  signals,  since  cyclin  Dl  is  expressed  earlier  than  cyclin  E  in  the  cell  cycle 
and  since  it  can  be  induced  by  c-Myc  in  certain  situations.  If  cyclin  E  is  a  target  of  cyclin  Dl 
rather  than  of  c-Myc,  then  in  a  system  where  cyclin  Dl  is  suppressed  by  c-Myc,  expression  of 
cyclin  E  should  not  be  observed.  This  is  exactly  what  we  have  observed  in  the  mammary  tumors 
developing  from  MMTV-c-myc  transgenic  mice.  In  this  tumor  type,  expression  of  cyclin  E  is 
always  co-localized  with  that  of  cyclin  Dl,  i.e.  only  in  the  focal  areas  that  have  lost  c-Myc 
expression,  but  not  in  the  tumor  areas  where  c-Myc  levels  are  high. 

Transcription  of  cyclin  A2  has  been  shown  to  be  activated  directly  by  c-Myc  Also,  it 
has  been  shown  that  expression  of  cyclin  A2  can  be  induced  by  the  cyclin  E-cdk2  complex 
Therefore,  at  least  theoretically,  expression  of  cyclin  A2  could  be  induced  by  c-Myc  via 
sequential  mediations  of  cyclin  Dl  and  cyclin  E  as  well,  since  cyclin  E  expression  rises  later  than 
cyclin  Dl  but  earlier  than  cyclin  A2  in  the  cell  cycle.  It  is  unknown  which  of  these  two  activation 
pathways  occurs  in  vivo  in  general  and  in  human  breast  cancer  in  particular. 

We  hypothesize  that  the  paradoxes  in  the  relationship  between  overexpression  of  c-myc  or 
cyclin  Dl  on  one  side  and  the  tumor  aggressiveness  on  the  other  may  be  in  part  related  to  the 
interrelationships  among  c-myc  and  its  target  cyclin  genes  since  they  are  expressed 
sequentially  from  GO/Gl  transit  through  Gl,  S,  G2  and  M  phases.  Although  there  have  been 
many  reports  on  the  expression  of  these  genes  in  human  cancers,  few  studies  have  been  carried 
out  to  explore  the  interrationships  among  these  genes  in  a  human  cancer  tissue,  due  to  the 
limitation  in  the  approaches  of  manipulation  of  gene  expression  under  an  in  vivo  situation. 
Relevant  data  are  obtained  mainly  from  in  vitro  experiments  with  cultured  cells  that  ectopically 
express  these  genes.  We  therefore  studied  the  interrelationships  among  c-Myc  and  its  putative 
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target  cyclins  in  high-grade  breast  cancer  biopsies  with  an  immunohistochemical  approach. 
High-grade  tumors  are  usually  very  heterogeneous  in  histology  and  tumor  biology,  which 
provides  us  with  a  unique  approach  to  explore,  in  a  topographic  manner  within  individual 
tumors,  whether  the  interrelationships  among  expression  of  c-Myc  and  its  target  cyclins  are 
related  to  the  tumor  morphology. 

Materials  and  Methods 

Materials,  Fifty-two  cases  of  formalin-fixed,  paraffin-embedded  tissue  blocks  of  biopsies 
of  untreated  human  breast  cancer  were  obtained  from  the  Histopathology  and  Tissue  Shared 
Resource  at  the  Lombardi  Cancer  Center  at  Georgetown  University  Medical  Center.  The  criteria 
for  tumor  selection  were  the  following  parameters:  negative  progesterone  receptor  status, 
positive  lymph  node  involvement,  and  high  tumor  grade.  The  parameters  were  chosen  from  our 
prior  meta  analysis  as  indication  of  a  high  likelihood  of  c-myc  amplification  a  study  focused 
on  the  amplification,  RNA  expression,  and  protein  levels  of  the  c-myc  gene  with  these  specimens 
will  be  separately  reported  elsewhere.  Serial  sections  (5  pm)  of  individual  tissue  blocks  were 
prepared  by  the  Histopathology  Laboratory. 

Immunohistochemistry.  Immunohistochemical  staining  was  performed  using  an  avidin- 
biotin  complex  (ABC)  method  described  previously  One  serial  section  of  each  specimen 
was  deparaffinized  and  blocked  with  3%  peroxide.  Antigens  were  retrieved  by  heating  in  a 
microwave  oven  in  50  mM  citrate  buffer,  pH  6.0,  after  boiling  for  8  minutes.  After  blocking  with 
6%  normal  goat  serum,  the  section  was  incubated  with  a  primary  antibody  for  2  hours,  followed 
by  1  hour  incubation  with  a  second  antibody  conjugated  with  biotin  (Vector  Laboratories  Inc., 
Burlingame,  CA).  The  section  was  then  incubated  with  peroxidase-conjugated  avidin  (Dako 
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Corporation,  Carpinteria,  CA)  for  30  minutes,  followed  by  color  development  with 
diaminobenzidine  and  peroxide.  All  procedures  were  carried  out  at  room  temperature.  The  data 
presented  were  generated  by  using  monoclonal  anti-c-Myc  antibody  (9E10)  from  Sigma 
Chemical  Company,  St.  Louis,  MO,  rabbit  Ki67  (A0047)  from  Dako  Corporation,  Carpinteria, 
CA,  and  rabbit  polyclonal  cyclin  D1  antibody  (Cl 9),  rabbit  cyclin  E  antibody  (Cl 9),  and  rabbit 
cyclin  A2  antibody  (H432)  from  Santa  Cruz  Biotechnology  Inc.,  Santa  Cruz,  CA.  For 
verification  of  the  staining  specificity,  serial  sections  from  at  least  5-10  cases  were  also  stained 
by  using  the  following  antibodies:  Ki67  (NCL-Ki67p)  from  Vector  Laboratories  Inc., 
Burlingame,  CA,  antibodies  of  cyclin  A2  (06-138),  cyclin  D1  (06-137),  and  cyclin  E  (06-459) 
from  Upstate  Biotechonology  Inc.,  Lake  Placid,  NY,  as  well  as  antibodies  of  cyclin  A2  (C19), 
cyclin  D1  (C20),  cyclin  E  (M20),  and  c-Myc  (Cl 9)  from  Santa  Cruz  Biotechnology  Inc.,  Santa 
Cruz,  CA.  These  antibodies  gave  rise  to  the  signals  similar  to  the  aforementioned  antibodies  used 
to  generate  the  data,  but  with  different  staining  intensities.  Also  to  control  the  signal  specificity, 
serial  sections  were  made  from  five  selected  positive  cases  and  were  subjected  to  the  same 
staining  procedure,  with  a  normal  mouse  IgG  to  replace  the  primary  antibody.  This  control 
staining  did  not  give  rise  to  a  signal.  The  cut-off  for  positive  cases  was  arbitrarily  set  at  10%  or 
more  of  tumor  cells  that  showed  a  clear  staining. 

Quantification  of  Labeling  Indices.  For  each  tumor  sample,  four  areas  randomly  selected 
on  serial  sections  stained  for  cyclin  A2  and  Ki67  were  counted  for  the  labeling  indices.  Totally 
200  areas  were  counted.  A  pair  of  the  same  area  stained  for  cyclin  A2  and  Ki67  are  shown  in  fig 
2H  and  21  as  an  example.  The  numbers  of  positive  and  negative  cells  on  each  pair  of  areas  were 
quantified.  The  percentages  of  positive  cells  were  calculated  by  dividing  the  number  of  positive 
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cells  by  the  whole  number  of  cells  counted.  The  paired  scores  were  used  to  plot  the  scattergram 
and 

Statistical  analyses.  The  paired  scores  of  cyclin  A2  and  Ki67  were  calculated  for  the 
coefficient  r.  A  Wilcoxon  rank  sum  test  was  used  for  analysis  the  differences  of  Ki67  and  cyclin 
A2  scores  among  categories  of  the  relationships  among  expression  of  c-Myc  and  cyclins  D1  and 
E,  because  the  labeling  indices  varied  greatly,  test  was  used  for  the  comparisons  among  the 
percentages  of  different  patterns  of  the  interrelationships  among  expression  of  c-Myc  and  cyclins 
D1  and  E.  A/?  value  of  0.05  was  also  used  as  the  cut  off  for  the  significance  of  all  these  analyses. 

Results 

Expression  of  cyclin  D1  and  its  relationship  to  c-Myc 

About  75%  (39/52)  of  the  cases  studied  showed  positive  for  cyclin  Dl.  However,  in  about 
half  of  the  positive  cases,  either  the  number  of  positive  cells  were  as  few  as  about  10%,  or  the 
staining  intensity  was  weak.  The  staining  in  tumor  cells  was  more  commonly  localized  to  the 
cytoplasm  (fig  lA)  than  to  the  nucleus  or  to  both  cytoplasm  and  nucleus  (fig  IE).  Some 
fibroblasts  in  the  stroma  were  also  positive,  but  their  staining  was  only  in  the  nucleus.  Normal 
mammary  glands  found  in  some  tumor  specimens  were  negative  for  cyclin  Dl.  Hyperplastic 
lesions  of  mammary  epithelia  adjacent  to  the  tumor  areas,  such  as  the  lesion  shown  in  fig  2  for 
cyclin  A2,  were  either  negative  or  weakly  positive  in  the  cytoplasm. 

Tumor  cells  positive  for  cyclin  Dl  showed  great  intratumoral  heterogeneity  in  most  cases. 
Usually,  within  a  tumor  individual,  some  patches  of  tumor  cells  were  positive,  while  some  other 
patches  were  negative.  We  randomly  examined  200  areas  of  tumor  cells  (4  areas  per  tumor 
sample)  on  serial  sections  stained  for  c-Myc  and  cyclins  Dl  and  E  to  quantify  the  frequencies  of 
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different  patterns  of  the  relationships  among  expression  of  these  three  genes.  Negative  staining 
and  cytoplasmic  staining  of  cyclin  D 1  and  c-Myc  were  grouped  into  the  same  category  because 
cyclin  D1  and  c-Myc  (as  a  transcription  factor)  function  inside  the  nucleus.  Cyclin  E  staining 
was  categorized  to  only  positive  and  negative  since  cyclin  E  nuclear  staining  in  tumor  cells  was 
always  found  to  be  associated  with  cytoplasmic  staining,  as  observed  previously  in  mouse 
mammary  tumors  and  hamster  renal  tumors  The  percentages  of  these  areas  showing  various 
relationships  among  expression  of  these  genes  were  listed  in  table  1 . 

With  regard  to  the  relationship  between  expression  of  cyclin  D1  and  c-Myc,  four  patterns 
of  relationships  were  observed:  1)  negative  c-Myc  with  nuclear  cyclin  D1  (fig  ID  vs  IE),  2) 
positive  nuclear  c-Myc  with  negative  or  weak  cytoplamsic  cyclin  D1  (fig  IG  vs  IH),  3)  strong 
cytoplasmic  cyclin  D1  with  nuclear  c-Myc  (lA  vs  IB),  and  4)  nuclear  c-Myc  with  both  nuclear 
and  cytoplasmic  cyclin  D1  (fig  IJ  and  IK).  Totally  32.5%  (category  4  plus  8  in  table  1)  of  the 
tumor  areas  showing  nuclear  staining  of  cyclin  D1  (fig  IE)  were  negative  for  c-Myc  (fig  ID).  On 
the  other  hand,  42%  of  the  areas  (category  1  plus  5  in  table  1)  exhibiting  nuclear  staining  of  c- 
Myc  showed  either  negative  staining,  or  various  extents  of  cytoplasmic  staining,  of  cyclin  D1 
(fig  IG  vs  IH).  Therefore,  totally  74.5%  of  tumor  areas  examined  showed  a  reciprocal  nuclear 
expression  between  c-Myc  and  cyclin  Dl.  Concomitant  expression  of  c-Myc  (fig  IJ)  and  cyclin 
D1  (fig  IK),  which  was  usually  positive  for  cyclin  E  positive  (fig  IL),  was  observed  only  in  the 
tumor  areas  where  invasive  tumor  cells  were  disseminated  individually  in  the  stroma  or  fat 
tissue.  This  pattern  occupied  only  14%  (category  3  plus  7  in  table  1)  of  the  tumor  areas 
examined,  much  lesser  than  the  74.5%  of  the  areas  that  showed  reciprocal  expression  (p<0.05). 

Expression  of  cyclin  E  and  its  relationship  to  cyclin  Dl  and  c-Myc 
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About  56%  (29/52)  of  the  cases  were  positive  for  cyclin  E,  but  in  many  positive  cases  the 
staining  intensity  were  weak  to  moderate.  In  most  cases,  the  staining  was  localized  to  both 
cytoplasm  and  nucleus  in  the  areas  with  different  morphology  (fig  1C,  IF,  II,  and  IL).  Some 
fibroblasts  also  were  positive  for  cyclin  E,  and  the  staining  was  only  in  the  nucleus.  Normal 
mammary  glands  found  in  some  tumor  specimens  were  negative  for  cyclin  E.  Hyperplastic 
lesions  adjacent  to  tumor  areas,  such  as  the  lesion  shown  in  fig  2  for  cyclin  A2  staining,  were 
either  negative  or  weakly  positive  in  the  cytoplasm. 

Great  intratumoral  heterogeneity  of  cyclin  E  positivity  was  also  observed,  similar  to  the 
staining  for  cyclin  Dl.  In  most  cases,  the  patches  of  tumor  cells  positive  for  cyclin  E  were 
associated  with  a  positive  nuclear  staining  of  c-Myc  (category  1  in  table  1),  cyclin  Dl  (category 
4  in  table  1),  or  both  (category  3  in  table  1),  but  not  all  of  the  patches  that  were  positive  for 
cyclin  Dl  or  c-Myc  showed  cyclin  E  staining.  As  calculated  from  table  1,  of  total  113  areas  (sum 
of  categories  1  to  4  in  table  1)  that  were  positive  for  cyclin  E  staining,  about  39%  (category  1  in 
table  1)  were  also  positive  for  c-Myc  in  the  nucleus  but  negative  or  only  cytoplasmic  positive  for 
cyclin  Dl  (fig  IB,  1 A  and  1C),  and  about  34%  (category  4  in  table  1)  were  positive  for  cyclin  Dl 
in  the  nucleus  but  negative  for  c-Myc  in  the  nucleus  (fig  IE,  ID,  and  IF).  Only  about  8%  of 
cyclin  E  positive  patches  were  negative  for  both  c-Myc  and  cyclin  Dl  (category  2  in  table  1). 

Interestingly,  there  was  20%  of  total  200  areas  examined  showed  nuclear  c-Myc  but  negative 
for  cyclin  E  (category  5  in  table  1),  indicating  that  cyclin  E  might  not  necessarily  be  induced 
when  c-Myc  existed  in  the  nucleus.  One  logic  explanation  was  that  cyclin  E  expression  in  the 
majority  of  these  tumor  patches  might  be  dependent  on  cyclin  Dl,  since  these  areas  showed 
nuclear  negative  for  cyclin  Dl  and  since  the  tumor  patches  showing  negative  nuclear  c-Myc  and 
cyclins  Dl  and  E  was  as  low  as  7%  (category  6  in  table  1). 
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Expression  of  cyclin  A2  and  its  relationship  to  c-Myc,  other  cyclins,  and  Ki67 

Tumor  cells  positive  for  cyclin  A2  were  observed  in  all  of  the  cases  studied.  The  staining 
usually  was  in  the  nucleus  of  tumor  cells,  but  concomitant  cytoplasmic  staining  was  also 
discerned  in  some  tumor  cells  (fig  2A  and  2B).  Cytoplasmic  staining  alone  was  only  observed  in 
the  mitotic  cells  that  had  no  nucleus,  and  in  the  tumor  cells  that  invaded  into  the  stroma  or  fat 
tissue  (fig  2C  and  2D).  Fibroblasts  positive  for  cyclin  A2  could  be  discerned  only  occasionally. 
Normal  mammary  glands  seen  in  some  tumor  specimens  (fig  E)  and  hyperplastic  lesions 
adjacent  to  the  tumor  areas  (fig  2F)  hardly  exhibited  positive  cells. 

In  the  tumors  with  squamous  differentiation,  cyclin  A2  positive  cells  were  confined  to  the 
basal  layer  (fig  2G),  which  couples  cyclin  A2  expression  with  the  proliferating  potential.  Since 
mitosis  is  the  only  reliable  marker  for  the  proliferating  cells,  we  carefully  identified  100  mitotic 
cells  under  microscope  and  found  that  97  of  them  were  positive  for  cyclin  A2.  Since  Ki67  was 
the  most  commonly  used  marker  for  proliferating  cells  in  pathologic  diagnosis,  labeling  indices 
of  Ki67  and  cyclin  A2  were  counted  on  paired-areas  of  tumor  cells  on  serial  sections;  a 
representative  pair  of  these  tumor  areas  were  shown  in  fig  2G  and  2H.  The  labeling  indices  of 
cyclin  A2  and  Ki67  were  positively  correlated  (fig  3),  with  an  average  labeling  index  of  14. 6± 
10.6%  for  cyclin  A2  and  14.8±10.3  for  Ki67.  However,  as  shown  in  fig  3,  some  patches  of  tumor 
cells  had  much  higher  scores  of  Ki67  than  cyclin  A2  scores,  while  other  patches  showed  the 
opposite.  Hyperplastic  lesions  usually  showed  more  Ki67  positive  cells  than  cyclin  A2  as  well. 

The  number  of  cells  positive  for  cyclin  A2  showed  the  greatest  intratumoral  heterogeneity, 
compared  to  the  staining  for  c-Myc,  Ki67,  and  cyclins  D1  and  E.  As  exemplified  in  Fig  2A  and 
2B,  the  labeling  index  could  be  as  high  as  about  35%  in  one  area  (fig  2A)  but  be  lower  than  2% 


12 


in  another  area  of  the  same  tumor  (Fig  2B).  Heterogeneity  in  the  density  of  positive  cells  was 
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even  greater  among  different  tumors,  even  when  the  tumors  with  similar  histology  were 
compared.  The  density  of  labeled  cells  did  not  seem  to  be  related  to  any  specific  tumor 
morphology.  However,  the  areas  that  showed  a  greater  invasive  potential,  such  as  those  shown  in 
fig  2C  and  2D,  usually  had  a  lower  score  of  nuclear  staining  (category  3  in  table  1),  although 
most  tumor  cells  in  these  areas  usually  manifested  cytoplasmic  staining. 

Staining  of  cyclin  A2  did  not  exhibit  any  association  with  the  expression  of  c-Myc,  cyclin 
Dl,  nor  cyclin  E  (table  1),  due  largely  to  the  great  heterogeneity  of  the  labeling  indices.  Cyclin 
A2  positive  cells  could  be  observed  in  areas  that  were  either  positive  or  negative  for  these 
proteins  (table  1).  For  instance,  the  same  patch  of  tumor  cells  shown  in  fig  IG,  IH  and  II,  as 
well  as  the  patch  shown  in  fig  IJ,  IK  and  IL,  contained  very  few  cells  with  cyclin  A2  nuclear 
staining  (not  shown),  whereas  the  patch  showing  in  fig  lA,  IB  and  IC,  as  well  as  the  patch 
showing  in  fig  ID,  IE  and  IF  contained  relatively  more  cyclin  A2  positive  cells  in  the  nucleus 
(not  shown).  However,  in  the  areas  where  invasive  tumor  cells  showed  concomitant  expression 
of  c-Myc  and  cyclins  Dl  and  E,  the  cyclin  A2  index,  scored  by  only  nuclear  staining,  was 
significantly  lower  than  that  of  Ki67  (category  3  in  table  1). 

Discussion 

Several  studies  have  shown  that  the  expression  of  cyclin  Dl  in  breast  cancer  is  associated 
with  the  ERa  positivity  and  better-differentiated  tumors  whereas  other  studies  show  the 
opposite  correlation  no  correlation  or  correlation  only  with  node-positivity  ”.  On  the 
other  hand,  expression  of  cyclin  E  has  been  reported  in  several  studies  to  associate  with  ER 
negativity,  greater  tumor  aggressiveness,  and  poorer  prognosis  By  suing  a  western  blot 
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approach,  Nielsen  et  al  further  show  that  expression  of  cyclins  D1  and  E  is  reciprocal  in  the  same 
breast  cancer  biopsies  The  present  study  shows  that  cyclin  D1  expression  can  be  detected  in 
the  majority  of  high-grade  breast  biopsies,  but  in  most  cases  the  staining  intensity  is  weak  and 
the  number  of  positive  tumor  cells  is  relatively  low.  It  is  possible  that  low-grade  tumors  with  ER 
positivity  may  show  a  stronger  staining  intensity  and  a  higher  percentage  of  positive  cells.  In 
addition,  our  samples  show  a  high  percentage  of  cyclin  E  positivity,  which  is  in  general 
consistent  with  the  results  of  Nielsen  et  al  The  main  difference  is  that  by  comparisons  of  the 
same  patches  of  tumors  on  serial  sections  stained  for  these  two  cyclins,  we  observed  both 
concomitant  and  reciprocal  expression  of  cyclin  D1  and  cyclin  E. 

By  comparison  of  the  same  patches  of  tumor  cells  on  serial  sections,  we  found  four  patterns 
of  relationship  between  c-Myc  and  cyclin  Dl.  As  exemplified  in  figure  ID  vs  IE  and  IG  vs  IH, 
expression  of  c-Myc  and  cyclin  Dl  in  the  majority  of  tumor  patches  examined  is  reciprocal, 
similar  to  what  was  observed  in  the  mammary  tumors  from  c-myc  transgenic  mouse  These 
findings  may  indirectly  support  the  notion  that  c-Myc  may  suppress  expression  of  the  cyclin  Dl. 
However,  it  is  also  observed  that  cyclin  Dl  and  c-Myc  are  co-localized  to  the  same  patches  of 
tumor  cells,  as  seen  in  figure  1 A  vs  IB,  indicating  that  the  expression  of  cyclin  Dl  may  not  be 
suppressed  by  c-Myc  under  certain  situations.  Nevertheless,  their  different  subcellular 
localizations,  i.e.  nucleus  vs  cytoplasm,  suggest  a  functional  reciprocity  between  these  two 
proteins,  since  cyclin  Dl  needs  to  be  transported  to  the  nucleus  in  order  to  be  functional 
whereas  its  phosphorylation  at  the  cytoplasm  facilitates  its  degradation  Possibly,  this  is  also 
one  of  the  reasons  for  the  paradoxical  relationships  between  cyclin  Dl  expression  and 
clinicopathological  parameters  in  the  literature,  since  most  studies  do  not  deal  with  cytoplasmic 
and  nuclear  cyclin  Dl  separately. 
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Another  pattern  of  the  relationship  between  c-Myc  and  cyclin  D1  is  their  concomitant 
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existence  in  the  nucleus,  usually  together  with  cyclin  E,  as  shown  in  figure  1 J,  IK  and  IL,  which 
occpies  11%  of  the  tumor  areas  examined.  We  have  observed  the  similar  pattern  in  the  mammary 
tumors  from  mice  carrying  both  tgfa  and  c-myc  transgenes  In  these  double  transgenic  tumors, 
cyclin  D1  is  induced,  most  likely  by  TGFa,  and  concomitant  with  the  expression  of  c-Myc. 
Cyclin  E  is  also  expressed  and  co-localized  with  cyclin  D1  in  the  double  transgenic  tumor.  This 
concomitant  expression  of  c-Myc  and  G1  cyclins  is  coupled  with  more  proliferation  but  less 
programmed  cell  death  and  may  account  for  the  earlier  development  of  the  tumor,  compared  to 
the  c-myc  transgenic  mammary  tumor  Human  breast  tumor  cells,  especially  those  that  have 
invaded  to,  and  are  sparsely  disseminated  in,  stromal  or  fat  tissue,  may  be  under  stronger 
influences  of  stromal-tumor  interactions  and  humeral  factors,  such  as  many  growth/survival- 
promoting  growth  factors  and  estrogens  that  have  a  role  similar  to  TGFa.  These  special 
situations  may  be  the  reasons  for  the  concomitant  localization  of  c-Myc  and  G1  cyclins  in  the 
nucleus  of  invasive  tumor  cells,  and  confer  these  tumor  cells  more  aggressiveness. 

Both  c-Myc  and  cyclin  D1  are  G1  progression-driving  factors  delivering  extracellular 
growth  signals  to  the  cell.  A  common  downstream  event  of  these  two  proteins  to  drive  G1 
progression  may  be  the  recruitment  of  cyclin  E  In  the  present  study,  nuclear  localization  of 
cyclin  D1  is  found  to  be  associated  with  nuclear  staining  of  cyclin  E  in  about  34%  of  the  tumor 
areas  that  were  positive  for  cyclin  E  but  negative  for  c-Myc  staining.  On  the  other  hand,  20%  of 
the  total  tumor  areas  examined  that  showed  nuclear  c-Myc  but  negative  or  only  cytoplasmic 
positive  for  cyclin  D1  are  still  negative  for  cyclin  E.  These  results  are  in  line  with  the  concept 
that  cyclin  E  expression  may  require  functional  cyclin  D1  in  many  human  breast  cancer  biopsies. 
However,  in  about  39%  of  tumor  cells  that  were  positive  for  cyclin  E  where  c-Myc  is  expressed 
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while  cyclin  D1  is  either  negative  (fig  IG  vs  IH)  or  localized  to  the  cytoplasm  (fig  lA  vs  IB), 

•«T 

expression  of  cyclin  E  can  still  be  detected  (fig  1C  and  IL).  These  latter  results  indicate  a 
possibility  that  under  certain  yet  undefined  situation,  cyclin  E  may  still  be  induced  by  c-Myc, 
which  is  different  from  what  we  observed  in  the  c-myc  transgenic  mammary  tumors  In  vitro 
experiments  have  shovm  that  expression  of  cyclin  E  without  activation  of  cyclin  D1  is  likely  to 
bypass  the  cyclin  D/cdk4/pl6/pRB  feedback  loop  to  drive  the  tumor  progression 

Few  references  have  described  the  immunohistochemical  properties  of  cyclin  A2  in  human 
breast  cancer,  although  several  studies  involve  immunohistochemistry  of  cyclin  A2  The 
positive  correlation  between  cyclin  A2  scores  and  Ki67  scores  observed  in  the  present  study, 
suggest  that  cyclin  A2  expression  may  reflect  cell  proliferation,  a  conclusion  also  reached  by 
studies  of  other  types  of  cancer 

However,  several  findings  in  the  present  study  raise  a  question  that  is  not  answered  by  this 
nor  other  reported  studies  as  to  whether  cyclinA2  expression  drives  the  proliferation 
characteristics  of  certain  tumor  types  or  is  merely  a  reflection  of  proliferation.  First,  similar  to 
what  was  reported  for  head  and  neck  cancer  we  observe  that  cyclin  A2  scores  are  much  higher 
than  Ki67  scores  in  several  patches  of  tumor  cells,  as  shown  in  figure  3.  It  is  likely  that  in  these 
patches  of  tumor  cells,  cyclin  A2  is  overexpressed,  and  that  the  overexpression  is  disassociated 
from  proliferation.  Second,  conversely,  figure  3  also  shows  that  the  cyclin  A2  scores  are  much 
lower  than  the  Ki67  scores  in  several  other  tumor  patches,  implying  that  the  proliferating 
potential  may  be  disassociated  from  the  expression  of  cyclin  A2.  This  property  seems  to  appear 
in  the  hyperplastic  lesions  as  well,  where  cyclin  A2  positive  cells  are  hardly  discerned  (fig  2F), 
although  hyperplastic  lesions  do  proliferate  by  the  definition  and  by  the  observation  of  Ki67 
positive  cells.  Third,  in  some  invasive  areas  as  shown  in  fig  2C  and  2D,  cyclin  A2  is  actually 
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expressed  but  is  confined  in  the  cytoplasm.  These  invasive  tumor  cells  are  likely  to  be  at  G1 
phase,  since  they  show  also  expression  of  c-Myc  and  cyclins  D1  and  E  and  since  cyclin  A2 
enters  the  nucleus  at  the  beginning  of  S  phase  It  is  possible  that  the  cells  with  strong 
invasive  potential  may  be  confined  at  G1  phase  and  may  have  less  proliferating  potential.  Thus, 
the  invasive  potential  may  be  disassociated  with  the  proliferating  potential,  at  least  under  certain 
circumstances.  Nevertheless,  these  several  observations  lead  to  a  consideration  that,  unlike  Ki67, 
expression  and  function  of  cyclin  A2  may  be  aberrantly  regulated  in  certain  breast  cancer  cells 
and  may  reflect  certain  yet  undefined  tumor  characteristics  other  than  proliferation. 

In  summary,  c-Myc  vs  cyclin  Dl,  and  cyclin  D1  vs  cyclin  E,  may  have  a  reciprocal 
relationship  in  their  expression  and/or  functions  in  some  patches  of  tumor  cells  but  a  concomitant 
relationship  in  other  patches.  The  invasive  tumor  cells  that  were  disseminated  sparsely  in  the 
stromal  or  fat  tissue  usually  showed  concomitant  nuclear  localization  of  c-Myc  and  cyclins  Dl 
and  E,  but  not  cyclin  A2.  Cyclin  A2  labeling  scores  were  statistically  correlated  with  the  Ki67 
scores,  and  thus  reflect  in  general  proliferation  of  tumor  cells.  However,  to  consider  cyclin  A2  as 
a  surrogate  of  proliferation  marker  for  breast  cancer  will  require  more  study,  since  it  remains 
possible  that  expression  and  functions  of  cyclin  A2  may  be  altered  in  certain  tumor  cells  and 
such  alterations  may  reflect  certain  tumor  characteristics  other  than  proliferation. 
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Fig  legends: 


Fig  1 :  Immunohistochemical  staining  for  c-Myc  and  cyclins  D1  and  E.  An  area  of  invasive  tumor 
cells  showed  strong  cytoplasmic  staining  of  cyclin  D1  (A),  whereas  many  tumor  cells  at  the  same 
area  showed  nuclear  staining  of  c-Myc  (B)  and  both  nuclear  and  cytoplasmic  staining  for  cyclin 
E  (C).  In  another  patch  of  tumor  cells,  negative  staining  of  c-Myc  (D)  is  associated  with  strong 
nuclear  staining  of  cyclin  D1  (E),  and  both  cytoplasmic  and  nuclear  staining  of  cyclin  E  (F). 
However,  when  many  tumor  cells  showed  nuclear  staining  of  c-Myc  (G),  they  manifested  only 
weak  cytoplasmic  or  perinuclear  staining  of  cyclin  D1  (H)  and  strong  staining  of  cyclin  E  in 
either  cytoplasm  or  both  cytoplasm  and  nucleus  (I).  In  the  area  where  invasive  tumor  cells  were 
disseminated  sparsely  in  the  fat  tissue,  concomitant  expression  of  c-Myc  (J),  cyclin  D1  (K)  and 
cyclin  E  (L)  in  the  nucleus  was  discerned. 

Fig  2:  Immunohistochemical  staining  of  cyclin  A2  and  Ki67.  The  staining  was  localized  to  the 
nucleus  in  most  tumor  cells  (A  and  B).  The  number  of  positive  cells  varied  greatly,  with  a  very 
high  density  of  positive  cells  in  an  area  (A)  but  a  much  lower  density  in  another  area  of  the  same 
tumor  (B).  In  two  different  tumors  (C  and  D),  tumor  cells  invading  to  the  stroma  showed  mainly 
cytoplasmic  staining  of  cyclin  A2  with  few  cells  showing  nuclear  staining.  Normal  mammary 
glands  (E)  found  in  a  tumor  specimen  were  negative  for  cyclin  A2,  whereas  a  hyperplastic  lesion 
(F)  adjacent  to  the  tumor  areas  (up-right  comer)  showed  only  one  positive  cell  stained  in  the 
nucleus  (arrow).  Positive  staining  in  a  tumor  tissue  with  squamous  differentiation  (G)  was 
localized  to  the  nucleus  of  the  cells  in  the  basal  layer.  An  area  of  cyclin  A2  staining  (H)  and  its 
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corresponding  area  of  Ki67  staining  (I)  on  a  serial  section  showed  the  relationship  between 
expression  of  cyclin  A2  and  Ki67. 

Fig  3.  Scattergram  showing  correlation  between  cyclin  A2  and  Ki67  staining  in  paired  areas  on 
serial  sections.  Note  that  although  the  correlation  is  statistically  significant  (p<0.05),  some  areas 
of  tumor  cells  show  much  higher  sores  of  cyclin  A2  than  Ki67  scores,  and  some  other  areas  show 
the  opposite. 
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Table  1,  Percentages  of  tumor  areas  showing  different  staining  patterns,  Ki67 
scores,  and  cyclin  A2  scores. 


Cat. 

Staining® 

No  of  Areas 

(%)" 

Ki67(%)' 

A2‘' 

1 

M-N,  D-C/-,  E+ 

44 

22.0 

16.3±9.3 

16.519.8 

2 

M-C/-,  D-C/-,  E+ 

9 

4.5 

15.2±10.3 

14.919.9 

3 

M-N,  D-N,  E+ 

22 

11.0 

9.316.8® 

5.914.3^ 

4 

M-C/-,  D-N,  E+ 

38 

19.0 

15.719.5 

15.9110.7 

5 

M-N,  D-C/-,  E- 

40 

20.0 

14.418.8 

12.117.4 

6 

M-C/-,  D-C/-,  E- 

14 

7.0 

9.716.7 

7.815.6 

7 

M-N,  D-N,  E- 

6 

3.0 

11.617.9 

10.316.8 

8 

M-C/-,  D-N,  E- 

27 

13.5 

12.017.4 

10.818.2 

Note: 

a:  Staining  patterns  in  categories  1  to  8  are:  1.  c-Myc  nuclear  positive,  cyclin  D1 
negative  or  positive  only  in  the  cytoplasm,  and  cyclin  E  positive;  2.  c-Myc  negative  or 
positive  only  in  the  cytoplasm,  cyclin  D1  negative  or  positive  only  in  the  cytoplasm,  and 
cyclin  E  positive;  3.  c-Myc,  cyclin  D1  and  cyclin  E  all  positive  in  the  nucleus;  4.  c-Myc 
negative  or  positive  only  in  the  cytoplasm,  cyclin  D1  negative  or  positive  only  in  the 
cytoplasm,  and  cyclin  E  positive;  5.  C-Myc  positive  in  the  nucleus,  cyclin  D1  negative  or 
positive  only  in  the  cytoplasm,  and  cyclin  E  negative;  6.  C-Myc  negative  or  positive  only 
in  the  cytoplasm,  cyclin  D1  negative  or  positive  only  in  the  cytoplasm,  and  cyclin  E 
negative;  7.  C-Myc  positive  in  the  nucleus,  cyclin  D1  positive  in  the  nucleus,  and  cyclin 
E  negative;  8.  C-Myc  negative  or  positive  only  in  the  cytoplasm,  cyclin  D1  positive  in  the 
nucleus,  and  cyclin  E  negative. 

b:  The  percentages  (mean+S.D.)  were  calculated  from  totally  200  patches  of  tumor 
cells  on  serial  sections  stained  for  c-Myc,  cyclin  D1  and  cyclin  E. 

c:  The  percentages  (mean±S.D.)  were  calculated  from  the  tumor  areas  within  the 
categories. 

e:  Significantly  higher  than  the  cyclin  A2  index  in  the  same  category  (p<0.05). 

f:  Significantly  lower  than  the  percentages  of  categories  1,  2,  and  4  (p<0.05%  without 
corrections  for  the  multiple  comparisons). 
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Abstract 

Androgens  influence  the  development  and  growth  of  the  mammary  gland  in  women.  Treatment 
of  animals  and  cultured  cells  with  androgens  has  either  inhibitory  or  stimulatory  effects  on  the 
proliferation  of  mammary  epithelia  and  cancer  cells;  the  mechanisms  for  these  dual  functions  are 
still  not  very  clear  and  are  discussed  in  this  review.  Epidemiological  data  suggest  that,  similar  to 
increased  estrogens,  elevated  androgens  in  serum  may  be  associated  with  the  development  of 
breast  cancer.  Experiments  in  rodents  have  also  shown  that  simultaneous  treatment  of  androgen 
and  estrogen  synergizes  for  mammary  gland  carcinogenesis.  Similar  synergistic  effects  of  both 
hormones  have  been  observed  for  carcinogenesis  of  the  uterine  myometrium  of  female  animals 
and  for  carcinogenesis  of  the  prostate  and  deferens  of  males.  There  are  also  clinical  and 
experimental  indications  for  a  possible  association  of  elevated  levels  of  both  androgens  and 
estrogens  with  the  development  of  ovarian  and  endometrial  cancers.  A  hypothesis  is  thus 
proposed  that  concomitant  elevation  in  both  androgens  and  estrogens  may  confer  a  greater  risk 
for  tumorigenesis  of  the  mammary  gland,  and  probably  other  female  reproductive  tissues  than  an 
elevation  of  each  hormone  alone. 

Introduction 

Similar  to  estrogens,  androgens  influence  the  functions  of  many  organs  in  women,  such  as  the 
hypothalamus-pituitary-ovary  axis,  mammary  gland,  uterus,  bone,  cardiovascular  system,  etc 
[’’  ].  Data  accumulated,  especially  during  the  recent  years,  have  increased  the  attention  to  the 
adverse  impact  of  subnormal  levels  of  androgens  on  women’s  health.  This  raised  attention  has  in 
turn  led  to  an  increase  in  the  use  of  androgens  to  correct  various  clinical  symptoms  caused  by 
androgen  deficiency  On  the  other  hand,  many  lines  of  evidence  have  also  shown  that 
supernormal  levels  of  androgens  may  also  have  adverse  effects  on  the  female  reproductive 
system,  including  abnormal  growth  and  possibly  tumorigenecity  This  latter  aspect  has 
commanded  much  less  wariness  in  the  past  and  should  be  further  studied,  particularly  because  of 
the  increasing  use  of  androgens  for  various  therapeutic  purposes  in  women.  This  review 
summarizes  mainly  the  experimental  and  clinical  data  on  the  effects  of  elevated  androgens  on  the 
mammary  gland,  although  data  on  the  ovary  and  uterus  are  also  discussed. 

Uses  of  androgens  in  women 

In  clinics,  many  women,  both  before  and  after  menopause,  may  have  symptoms  of 
androgen  deficiency  including  unexplained  fatigue,  lack  of  well-being,  and  diminished 

libido,  although  these  syndromes  are  not  specific  for  androgen  deficiency.  Androgens  are  often 
prescribed  to  correct  the  deficiency  [^].  Androgens  are  also  included  in  certain  regimens  of 
hormone  replacement  therapy  for  some  postmenopausal  women  to  improve  their  sexuality  [’’”]. 
The  additional  androgen  in  hormone  replacement  therapy  is  even  more  important  for  the  women 
who  have  received  bilateral  oophorectomy  for  any  therapeutic  reasons,  because  ovaries  provide 
approximately  half  of  the  circulating  testosterone  (T)  in  premenopausal  women  Bone  loss 
in  both  premenopausal  and  postmenopausal  women  has  been  reported  to  be  associated  with 
lower  levels  of  total  and  free  T  In  female  monkeys  and  rats,  T  treatment  results  in  increases 
in  intrinsic  bone  strength  and  resistance  to  mechanical  stress,  as  well  as  increases  in  bone  mineral 
density,  bone  torsional  rigidity  and  bending  stiffiiess  Treatment  with  androgen  plus 

estrogen  has  been  reported  to  have  a  better  effect  than  estrogen  alone  to  prevent  bone  loss  in 
women  and  in  female  monkeys  and  rats 

Androgens  alone  may  promote  atherosclerosis’  which  was  once  a  concern  for  using 
androgens  for  cardiovascular  aspects  in  women.  However,  recent  findings  indicate  that  combined 
androgens  and  estrogens  have  the  opposite  effect  in  the  arterial  wall,  as  androgens  help  maintain 
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vasodilation  These  new  findings  support  the  use  of  combined  estrogen  and  androgen  in 

postmenopausal  women  from  the  cardiovascular  consideration  [’^].  Moreover,  women  are  much 
more  predisposed  than  men  to  the  development  of  autoimmune  diseases,  indicating  a 
prophylactic  role  of  androgens  for  these  conditions  Laboratory  experiments  reveal  that 

androgens  suppress  both  cell-mediated  and  humeral  immune  responses  Treatment  of 

postmenopausal  women  with  T  or  dehydroepiandrosterone  (DHEA)  has  been  reported  to 
improve  the  symptoms  of  rheumatoid  arthritis[^^]. 

Other  potential  indications  for  therapeutic  uses  of  androgens  in  women  include 
postmenopausal  loss  of  muscle  mass,  management  of  wasting  in  HIV  infection,  and  premenstrual 
syndrome  Probably  the  more  problematic  use  of  androgens  in  women  is  for  female-to- 

male  transsexuals,  because  the  doses  of  androgens  prescribed  for  this  purpose  are  usually  higher 
and  the  treatment  periods  are  much  longer,  compared  to  other  therapeutic  uses  mentioned  above. 
In  addition,  androgen  abuse  also  occurs  occasionally  among  some  female  athletes;  these 
supernormal  levels  of  androgens  may  cause  adverse  effects  as  well  [^^]. 

Role  of  androgens  in  the  development  and  growth  of  the  mammary  gland  in  rodents 

All  newborn  rats  and  mice  have  female-type  of  mammary  glands,  regardless  of  their 
genetic  sex  Male  mice  and  rats  lack  nipples  and  their  mammary  glands  are  not  connected 

to  the  skin  Gonadectomy  at  an  early  age  or  treatment  with  an  androgen  inhibitor 

during  pregnancy  [^°]  prevents  the  destruction  of  the  primary  duct  in  the  fetal  male  mouse, 
leaving  the  primary  duct  and  the  glands  connected  to  the  skin  in  the  adults.  Conversely,  female 
offspring  of  rats  receiving  T  during  pregnancy  show  abnormal  development  of  nipples 
Androgens  administered  during  early  pregnancy  of  rats  and  mice  prevent  the  formation  of  the 
mammary  anlagen  in  the  fetus,  while  injection  of  androgens  into  rats  and  mice  during  late 
pregnancy  masculinizes  the  rudiments  of  mammary  glands  in  the  female  offspring,  with 
postnatal  hypertrophy  seen  in  some  glands  These  prenatal  masculinizing  effects  can  be 

reversed  by  injection  of  the  mother  with  antiandrogens  When  explanted  in  vitro  and 

protected  from  androgenic  influences,  the  mammary  gland  rudiments  isolated  from  a  13-day-old 
male  rat  develop  into  a  female-type  gland  [  ].  Conversely,  when  female  rudiments  are  cultured 
either  together  with  testicular  explants  or  in  the  presence  of  T,  they  become  the  male  type 
All  these  data  demonstrate  that  the  envirorunent  of  sex  hormones  during  pregnancy  and  neonatal 
life  determines  the  pattern  of  the  mammary  gland  in  adult  life,  regardless  of  the  genetic  sex.  The 
influence  of  T  on  the  mammary  rudiment  is  more  pronounced  during  the  earlier  fetal  stage  and 
involves  not  only  the  mammary  epithelium  but  also  stromal-epithelial  interactions  After 

15  days  following  conception,  the  rudiment  becomes  less  sensitive  but  androgens  can  still 
inhibit  the  growth  and  the  development  of  the  mammary  gland  in  later  life  Short-term,  low 
doses  of  several  forms  of  androgens  have  been  shown  to  inhibit  the  estrogen-induced 
proliferation  of  the  mammary  epithelial  cells  in  female  rats,  mice  and  monkeys  during  adulthood 
[44-46]  inhibitory  effects  are  also  observed  in  cell  or  tissue  culture 

In  conflict  with  the  above-described  inhibitory  effects  of  androgens,  many  references  since 
1936  have  also  shown  that  administration  of  androgens,  usually  at  moderate  to  high  doses, 
stimulates  lobule-alveolar  development  and  milk  secretion  in  the  mammary  glands  of  female  rats 
with  an  intact  pituitary  gland  In  male  rats,  this  effect  is  much  less  pronounced;  male  rats 

receiving  testosterone  propionate  (TP)  develop  mainly  apocrine  metaplasia,  with  the  appearance 
of  a  large  number  of  apoptotic  cells  [^^].  However,  .large  doses  of  TP  given  for  long  periods 
induce  cystic  formations  of  the  mammary  epithelia  in  the  rat,  and  males  seem  to  be  more 
susceptible  than  females  to  this  effect  In  contrast,  female  rats  are  more  susceptible  than 

males  to  the  cyst  induction  by  estrogens  ['*^].  The  growth  stimulation  can  also  be  observed  in 
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cultured  cells  from  normal,  atypically  hyperplastic,  and  malignant  mammary  epithelia 
These  effects  of  androgens  both  in  vivo  and  in  vitro  may  not  be  exerted  via  enzymatic  conversion 
of  androgens  to  estrogens,  since  an  estrogen  receptor  antagonist  caimot  block  the  lobular- 
alveolar  induction  by  T,  DHT  (dehydrotestosterone),  or  DHEA,  and  since  DHT  is  a  non- 
aromatizable  androgen  In  addition,  androgens  have  also  been  shown  to  inhibit 

differentiation  of  mammary  glands  in  vitro  which  may  not  be  surprising,  as  growth 

stimulation  is  usually  coupled  by  differentiation  inhibition. 

In  hypophysectomized  female  rats,  T  induces  a  thickening  and  dilation  of  the  mammary 
duct  systems  by  proliferation  and  hypertrophy  of  the  ductal  epithelium,  without  lobule-alveolar 
formation  [''^].  Addition  of  growth  hormone  restores  the  induction  of  lobule-alveolar 
development  by  T  in  hypophysectomized  rats,  indicating  that  growth  hormone  is  the  major 
pituitary  hormone  required  for  facilitating  the  effects  of  androgen  on  lobular-alveolar  induction 

n. 

Role  of  androgens  during  adulthood  on  mammary  tumor  development  and  growth 

Mammary  carcinogens  such  as  7,12-dimethylbenz(a)anthracene  (DMBA),  3- 
methylcholanthrene  (MCA)  and  methylnitrosourea  (MNU)  induce  mammary  tumors  at  an 
incidence  of  virtually  100%  in  female  rats  and  mice  but  at  virtually  0%  in  males,  if  they  were 
given  at  a  single  dose  [^®].  Dao  et  al  showed  that  in  the  rat,  the  incidences  of  DMBA-induced 
mammary  carcinomas  in  non-castrated  males,  castrated  males,  non-castrated  males  receiving  an 
ovarian  graft,  and  castrated  males  receiving  an  ovarian  graft  were  0%,  14%,  16%,  and  66%, 
respectively  [^°].  These  data,  together  with  many  others,  indicate  that  endogenous  androgens  may 
be  prophylactic  against  DMBA-induced  mammary  carcinogenesis,  while  ovarian  hormones  are 
promotional  On  the  other  hand,  Yoshida  et  al  showed  that  multiple,  biweekly  intragastric 
intubations  of  DMBA  induced  mammary  carcinomas  in  100%  of  male  and  84%  of  female  rats 
that  were  gonadectomized  at  27  days  of  age  [“].  These  results  suggest  a  likely  possibility  that  the 
cancer  prophylaxis  by  androgens  may  be  overridden  by  multiple  doses  of  DMBA. 
Administration  of  DHEA  to  ovariectomized  rats  inhibits  the  growth  of  tumor  xenografts  formed 
by  the  human  breast  cancer  cell  line  ZR-75-1  [^^].  Various  forms  of  androgens  given  to  adult 
female  rats  inhibit  mammary  tumor  induction  by  DMBA,  MNU,  or  several  types  of  estrogens 
j-53,54, 59,61, 64-68j  ggygj-^l  forms  of  androgens  given  to  adult  female  rats  bearing  palpable  mammary 
tumors  induced  by  chemical  carcinogens  cause  regression  of  the  tumors,  although  the  regression 
may  be  incomplete  in  some  cases  [5'*;59;68-7ij  Administration  of  T  increases  the  latency  of 
mammary  tumor  induction  by  estrogen  when  given  before  the  tumor  formation  [’^].  T  also 
causes  tumor  regression  when  given  to  the  rats  bearing  estrogen-induced  mammary  tumors,  but 
the  regression  is  only  temporary,  and  the  tumors  will  later  become  refractory  to  the  androgen,  if 
the  animals  continue  receiving  estrogen 

It  has  been  shown  in  several  experiments  that  while  most  chemical-  or  estrogen-induced 
mammary  tumors  respond  to  androgen  administration  with  regression,  there  are  always  a  few 
tumors  showing  a  stimulatory  response  Notably,  several  studies  have  shown  that 

administration  of  different  forms  of  amdrogens  at  moderate  or  high  doses  to  rats  bearing 
chemical-induced  mammary  tumors  enhances  the  tumor  growth  in  addition,  androgen 

treatment  plus  ovariectomy  is  less  inhibitory  than  ovariectomy  alone  for  the  growth  of  DMBA- 
induced  mammary  carcinomas,  indicating  that  androgens  may  counteract  the  inhibitory  effect  of 
ovariectomy  [^*].  Boccuzzi  et  al  also  show  that  DHEA  stimulates  the  growth  of  the  DMBA- 
induced  mammary  tumors  in  ovariectomized  rats,  although  in  their  experiments  DHEA  inhibits 
the  tumor  growth  in  ovarian-intact  rats  [’^].  The  mechanisms  for  these  stimulatory  effects  of 
androgens  still  remain  unknown,  although  the  phenomenon  has  been  discerned  for  a  few 
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decades.  The  conjecture  that  conversion  of  androgens  to  estrogens  accounts  for  the  stimulatory 
response  is  certainly  possible,  but  this  may  not  be  the  dominant  event,  as  it  does  not  explain  why 
in  many  other  experiments  androgens  are  inhibitory  rather  than  stimulatory,  as  described  above 
paragraph.  Clinically,  treatment  of  breast  cancer  patents  with  androgens  has  occasionally  been 
observed  to  exacerbate  the  tumor  as  well 

Role  of  prenatal  and  neonatal  androgens  in  mammary  gland  carcinogenesis  during 
adulthood  of  rodents 

Both  rats  and  mice  of  either  sex  exposed  to  sex  steroids  in  utero  or  the  neonatal  period 
exhibit  permanent  functional  alterations  in  the  endocrine  and  reproductive  systems  These 
animals  have  also  been  shown  to  develop  dysplasia  and  neoplasia  in  vaginal  and  endometrial 
epithelia,  as  well  as  in  mammary  glands  in  certain  strains  of  mice  [  ’  '  Female  rats 
neonatally  exposed  to  a  single  dose  of  TP  show  a  significantly  lower  mitotic  rate  of  the 
mammary  epithelia  during  adulthood  [^°].  However,  treatment  of  these  neonatally  androgenized 
female  rats  with  DMBA  at  day  52  of  age  induces  a  higher  mitotic  rate  of  the  mammary  epithelia 
before  the  tumor  formation,  compared  to  the  non-androgenized  counterparts  [^°]. 

Male  and  female  mice  neonatally  exposed  to  either  E2  or  T  exhibit  increased  incidences  of 
mammary  dysplastic  lesions  and  carcinomas  following  their  infection  with  mouse  mammary 
tumor  virus  (MMTV)  or  their  exposure  to  DMBA  during  adulthood;  neonatal  androgenization  is 
more  potent  than  neonatal  estrogenization  for  this  effect  However,  the  influence  of 

neonatal  androgenization  in  DMBA-induced  mammary  carcinogenesis  may  be  different  in  the 
rat.  Some  reports  show  that  neonatal  androgenization  of  female  rats  actually  suppresses  the 
induction  of  mammary  adenocarcinomas  by  DMBA,  while  it  induces  mammary  dysplasia,  a 
lesion  that  is  borderline  between  benign  and  malignant  While  some  other  studies  in  the  rat 
confirm  the  increased  induction  of  dysplastic  lesions  or  adenofibromas  (a  benign  form  of  tumor), 
they  do  not  show  a  pronounced  change  in  the  incidence  of  the  malignant  tumors  The 

reason  for  this  species  difference  still  remains  unknown. 

Verhoenven  et  al  performed  gonadectomy  to  neonatal  male  and  female  rats  and 
immediately  treated  some  of  the  animals  with  a  single  dose  of  T  or  E2  [  ].  These  animals  did  not 
show  significant  change  in  the  incidence  of  DMBA-induced  mammary  carcinomas,  compared  to 
the  gonadectomized  rats  without  treatment  of  T  or  E2.  Thus,  it  seems  that  the  effect  of  neonatal 
androgenization  or  estrogenization  on  the  induction  of  mammary  carcinomas  by  DMBA  may 
require  intact  gonads  during  neonatal  life  Christakos  et  al  showed  that  DMBA  given  at 

day  55  of  age  failed  to  induce  mammary  tumors  in  neonatally  androgenized  and  ovariectomized 
rats,  but  induced  the  tumors  in  neonatally  androgenized,  ovary-intact  rats  with  a  longer  latent 
period  compared  to  non-androgenized,  ovarian-intact  controls,  again  showing  an  inhibitory  role 
of  neonatal  androgenization  and  a  dependence  on  the  ovary.  Yoshida  et  al  confirmed  these 
findings  of  Christakos  et  al  and  further  showed  that  injection  of  progesterone  restored  tumor 
induction  in  ovariectomized  rats  [®^],  thus  pointing  to  progesterone  as  the  hormone  responsible 
for  the  ovarian  dependence. 

Yoshida  et  al  treated  neonatally  androgenized  female  rats  with  a  single  dose  of  DMBA 
on  day  50  of  age,  and  performed  ovariectomy  to  one  half  of  the  rats  28  days  after  dosing,  with  or 
without  simultaneous  administration  of  E2  or  progesterone.  While  about  90%  of  the 
androgenized,  ovarian-intact  rats  develop  mammary  dysplasia  (mastopathia  cystica),  only  4%  of 
androgenized,  ovariectomized  rats  develop  the  dysplasia.  Dysplasia  developed  at  96%  incidence 
in  the  rats  receiving  ovariectomy  plus  E2,  in  strong  contrast  to  its  0%  incidence  in  the  rats 
receiving  ovariectomy  plus  progesterone.  These  data  suggest  that  in  neonatally  androgenized 
female  rats,  development  of  dysplasia  is  dependent  on  estrogen,  while  progesterone  may  be 
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either  ineffective  or  inhibitory,  in  conflict  with  the  progesterone-dependence  of  the  effects  of 
neonatal  androgenization  on  malignant  carcinoma  induction  by  DMBA.  The  reason  for  this 
conflict  is  currently  unknown.  Since  various  progestins  are  known  to  have  variable  degrees  of 
androgenic  effects  cannot  be  excluded  that  the  diverse  effects  of  progesterone  reflect 

the  possibility  that  normal,  benign,  and  malignant  mammary  tissues  may  have  differential 
responses  to  the  progestational  and  androgenic  effects  of  progesterone. 

Although  both  neonatal  estrogenization  and  androgenization  depress  ovarian  functions, 
only  neonatal  androgenization  has  been  shown  to  induce  lactational  alterations  in  female  rats, 
suggesting  the  involvement  of  prolactin  Indeed,  increased  levels  of  circulating  prolactin 

have  been  reported  in  neonatally  androgenized  female  mice  and  rats  Prolactin  is 

considered  to  be  responsible  for  the  ovarian-dependence  of  the  effects  of  neonatal 
androgenization  on  DMBA-induced  mammary  carcinogenesis  as  well  since  secretion  of 

prolactin  by  the  pituitary  is  controlled  by  the  ovary.  This  consideration  gains  support  from  the 
fact  that  prolactin  exerts  a  considerable  influence  on  chemically  induced  mammary 
carcinogenesis  Moreover,  several  in  vitro  studies  also  show  that  androgens  induce 

expression  of  the  prolactin  receptor  [”°]  as  well  as  stimulate  expression  and  secretion  of 
prolactin  in  uterine  stromal  cells  Thus,  the  lactational  alterations  in  neonatally  androgenized 
female  rats  may  be  due  to  increased  function  of  prolactin-prolactin  receptor  signaling. 

Indications  for  an  association  of  androgens  with  breast  cancer  in  women 

Serum  T  concentration  is  ten  times  higher  than  that  of  E2  in  women  normal 

and  cancerous  breast  tissues  contain  and  produce  several  forms  of  androgens  as  well 
Androgen  receptor  (AR)  is  expressed  in  normal  mammary  epithelial  and  stromal  cells  ['24;i25j 
Many  pathologic  studies  have  also  demonstrated  that  over  70%  of  human  breast  cancer  biopsies 
from  untreated  women  are  positive  for  AR;  the  percentages  are  usually  higher  than,  or  equal  high 
to,  the  percentages  of  ER  and  PR  positivity  These  facts  provide  the  basis  for  a  direct 

AR-mediated  action  of  androgens  in  the  normal  and  malignant  breast  tissues.  On  the  other  hand, 
several  key  enzymes  responsible  for  metabolic  conversions  of  various  forms  of  androgens  to 
estrogens  have  also  been  detected  at  significant  amounts  in  the  tissues  of  normal  breast  and 
breast  cancer  [I22;i36-i4ij^  which  provides  the  basis  for  the  local  biotransformation  of  androgens  to 
estrogens,  resulting  in  estrogen  excess  still  unclear  whether  the 

direct,  androgenic  function,  or  the  indirect,  estrogenic  function  is  the  major  mechanism  used  by 
androgens  to  influence  the  growth  of  the  mammary  gland  and  mammary  carcinoma. 

Many  references  have  documented  higher  T  levels  in  urine  and  blood  of  pre-  and  post¬ 
menopausal  breast  cancer  patients,  with  or  without  a  concurrent  increase  in  circulating  levels  of 
estrogens,  compared  to  the  normal  women  at  the  same  ages  ['35;i4i;i48-i69j  jjowever,  some  other 
studies  show  that  the  increased  T  occurs  only  in  postmenopausal  women  with  breast  cancer,  not 
in  the  premenopausal  ones  According  to  the  estimation  of  Secreto  et  al,  about  60%  of 

women  with  breast  cancer  show  some  degree  of  hypertestosteronemia  and  ovariectomy 

eliminates  the  T  excess,  indicating  its  ovarian  origin  Qj-^ttarola  found  that  40%  of 

breast  cancer  patients  had  simple  proliferative  endometrium,  and  43%  had  hyperplastic  or 
atypical  endometrium,  virtually  pathognomonic  for  chronic  anovulation  [’^^].  It  is  likely  that  the 
hypertestosteronemic  and  anovulatory  populations  may  be  the  coincident  [’^°].  Therefore,  T 
excess  is  likely  to  be  generated  from  the  hyperplastic  interestitial  cells  of  the  ovary  [’’’],  a 
thought  supported  by  the  studies  showing  that  chronic  anovulation  syndrome  is  a  major  risk 
factor  for  postmenopausal  breast  cancer  very  high  incidence  of  anovulation  in 

premenopausal  breast  cancer  patients  has  also  been  reported  [’^^],  although  some  other  studies 
fail  to  find  a  significant  association  between  polycystic  ovary  syndrome,  which  is  defined  by 
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clinical  features  of  anovulation  and  hyperandrogenism  and  the  risk  of  premenopausal  breast 
cancer  [  ’  ].  In  some  women  originally  exhibiting  T  excess,  T  level  is  increased  again  after  the 

ovariectomy;  suppression  of  the  adrenal  cortex  by  dexamethasone  treatment  eliminates  the 
recurrence  of  T  elevation,  suggesting  that  biotransformation  of  adrenal  androgens  to  T  may 
account  for  the  recurrence  studies  not  only  confirm  the  strong  association 

of  elevated  serum  concentrations  of  both  E2  and  T  with  increased  risk  of  breast  cancer,  but 
further  show  that  the  association  of  free  T  levels  to  breast  cancer  is  independent  of  bioavailable 
estradiol  levels  Thus,  the  mechanism  for  the  association  of  elevated  T  with  breast  cancer 

seems  not  as  simple  as  conversion  of  T  to  E2. 

While  the  association  of  T  with  breast  cancer  seems  to  be  clear,  the  relationship  between 
adrenal  androgens  and  breast  cancer  is  still  confusing  172,179, i86-i88j  DHEA 

sulfate  (DHEAS),  and  Adiol  (5-androstene-3p,17p-diol)  of  adrenal  origin  have  all  been  detected 
at  high  amounts  in  normal  breast  tissue  and  in  breast  cancer  116,1  i9,i79j  Postmenopausal 
breast  cancer  patients  have  been  shown  to  exhibit  supranormal  plasma  levels  of  DHEA  and 
DHEAS  Moreover,  elevated  plasma  levels  of  DHEA  have  been  found  in  women  who 

subsequently  developed  postmenopausal  breast  cancer  ['50>’^2;i69j  jj^ggg  imply  that  similar 
to  T,  elevated  adrenal  androgens  may  be  associated  with  breast  cancer  development,  as  well. 
Conversely,  however,  a  low  urinary  excretion  of  DHEA  metabolites  has  been  reported  in  women 
who  subsequently  develop  breast  cancer,  in  women  with  breast  cancer,  and  in  women  with  high 
risk  of  the  cancer  recurrence  after  mastectomy  Subnormal  plasma  levels  of  DHEA 

and  DHEAS  have  also  been  reported  in  early,  as  well  as  advanced  breast  cancer  patients, 
especially  in  premenopausal  cancer  patients  These  data  suggest  that  higher  levels  of 

adrenal  androgens  may  be  prophylactic  for  the  development,  progression,  and  reoccurrence  of 
breast  cancer. 

In  cell  culture,  T  and  several  forms  of  adrenal  androgens  have  been  shown  to  inhibit 
growth  of  many  cell  lines  of  breast  epithelium  or  cancer  [‘’''74;i34;i88-i9ij  stimulate  growth 
of  several  other  cell  lines  suggested  that  androgens  stimulate  growth  of 

malignant  cells  more  frequently  than  growth  of  non-malignant  cells,  whereas  estrogen  show  an 
opposite  effect  [^’].  At  least  for  some  of  the  mammary  epithelial  cell  lines,  non-aromatizable 
androgens  DHT  and  3-a-diol  can  also  stimulate  the  growth,  and  estrogen  receptor  (ER) 
antagonists  cannot  block  this  stimulation.  These  results  suggest  that  the  growth  stimulation  may 
not  be  occurring  due  to  conversion  of  androgens  to  estrogens  and  may  not  involve  ER  [^^]. 
Nevertheless,  androgens  have  been  shown  in  many  other  experiments  to  exert  their  effects  by 
binding  directly  to  the  estrogen  receptor  a  (ERa)  rather  than  the  AR  to  promote  cell  proliferation 
[’92,'9®-i99j.  iu  situation,  androgens  actually  function  as  estrogens  and  exert  estrogenic  effects. 
Currently,  it  is  still  mechanistically  unclear  how  androgens  exhibit  different  roles  in  the  growth 
of  these  cells. 

Synergy  between  androgens  and  estrogens  in  the  tumorigeneity  of  mammary  gland  and 
other  organs 

In  a  series  of  publications  since  1950,  Kirkman  and  his  co-workers  have  described  that 
simultaneous  administration  of  estrogens  and  androgens  to  Syrian  hamsters  effectively  induces 
lieomyomas  and  lieomyosarcomas  in  the  uterus  of  females  and  in  the  epididymal  tail  and 
adjacent  ductus  deferens  of  males  female  animals  also  exhibit  extensive  endometrial 

hyperplasia  [  ].  The  hamsters  receiving  either  estrogpn  or  androgen  alone  do  not  develop  these 

tumors,  at  least  at  the  same  time  period,  although  androgen-treated  animals  develop  papillary 
adenoma  of  uterus  occasionally  [^°^].  Simultaneous  administration  of  androgen  and  estrogen  to 
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Syrian  hamsters  of  either  sex  also  induces  malignant  basal  cell  chaetepithelioma  in  the  flank 
organs  (scent  glands)  of  the  skin;  this  organ  consists  of  many  large  sebaceous  glands,  hair 
follicles,  and  baskets  of  melanocytes  around  the  growth  cycles  of  the  hair  follicles  [  ’  ’  ’  ]. 

Androgen  is  responsible  for  the  early  development  of  the  chaetepithelioma  but  both  androgen 
and  estrogen  are  required  for  its  unlimited  growth  as  a  definitive  neoplasm. 

Noble  described  in  a  conference  abstract  in  1976  that,  although  Nb  rats  were  relatively 
insensitive  to  estrogen-induced  mammary  carcinogenesis  [^'^],  male  and  female  Nb  rats 
receiving  subcutaneous  implants  of  both  estrone  and  TP  pellets  developed  mammary  carcinomas 
in  approximately  50-60%  of  the  animals  jnentioned  that  estrone  treatment  of 

female  Nb  rats  produced  mammary  carcinomas  only  when  begun  in  immature  rats,  whereas 
combined  treatment  with  both  hormones  produced  carcinomas  in  rats  of  any  age  [  ’  ’  The 

mammary  tumors  induced  by  estrogen  or  by  both  estrogen  and  androgen  were  transplantable  and 
dependent  on  estrogen  or  androgen  [  ’  ].  Although  Noble  had  not  published  any  full  report  on 

this  rat  model  of  mammary  carcinogenesis,  he  established  a  prostate  carcinogenesis  model  in 
male  Nb  rats  by  using  both  TP  and  estrone  pellets  [  ’  ].  According  to  Noble,  administration  of 
TP  alone  induced  prostate  cancer  at  approximately  20%  incidence  following  over  one  year  of 
treatment  Simultaneous  administration  of  both  TP  and  estrone  did  not  change  the  incidence 
of  the  tumors  but  shortened  their  latent  period  [  ’  ].  Initial  androgen  treatment  followed  by 

estrogen  was  the  most  effective,  inducing  cancer  at  about  50%  incidence.  The  prostate  tumors 
induced  by  both  hormones  were  transplantable  [2i5,2i6;2i9,220j 

Unaware  of  Noble’s  earlier  work,  Liao  et  a/ [  ]  and  Xie  et  <3/ [  ‘  ]  independently  reported 
similar  findings  recently,  showing  that  simultaneous  administration  of  TP  and  E2  (or  E2 
benzoate  in  the  studies  of  Xie  et  aJ)  induced  invasive  mammary  adenocarcinomas  in  male  and 
female  Nb  rats,  at  virtually  100%  incidence,  five  to  six  months  following  the  hormonal 
treatment.  At  this  time  point  rats  receiving  estrogen  alone  developed  only  hyperplasia,  without 
tumor  formation.  Androgen  alone  does  not  induce  obvious  outgrowth  of  the  mammary  epithelia 
at  the  dose  used  in  these  Nb  rat  models,  and  therefore  is  likely  to  function  as  a  promotional  agent 
for  estrogen-induced  carcinogenesis.  One  should  not  be  too  surprised  by  these  findings  in  the  Nb 
rat,  since  the  mammary  gland  shares  the  same  embryonic  origin  with  the  sebaceous  gland,  the 
major  component  of  the  flank  organ  in  the  skin  of  hamsters,  which  was  shown  by  Kikman  et  al 
to  develop  epitheliomas  upon  combined  treatment  of  androgen  and  estrogen  [20’;2io;2nj 
However,  these  experimental  results  in  Nb  rats  raise  a  eoncem  as  to  whether  a  similar  synergy 
between  estrogens  and  androgens  also  occurs  during  breast  tumorigenesis  in  humans.  Since  the 
literature  about  whether  elevated  estrogens  are  a  risk  factor  of  breast  cancer  has  always  been 
inconsistent  would  be  an  intriguing  question  as  to  whether  it  is  the  concurrent 

elevation  of  both  estrogen  and  androgen,  but  not  each  hormone  alone,  that  is  a  risk  factor  of 
breast  cancer. 

Male-to-female  transsexual  patients  need  to  receive  estrogen  therapy  to  become  phenotypic 
females,  and  thus  exhibit  a  unique  endocrine  situation  of  higher  androgen  levels  than  genetic 
females  and  higher  estrogen  levels  than  genetic  males.  Cases  of  the  development  of  mammary 
cysts,  fibroadenomas,  and  breast  cancers  have  been  reported  in  these  transsexuals  [  ].  On  the 

other  hand,  female-to-male  transsexuals  need  to  receive  androgens  to  become  phenotypic  males 
while  retaining  ovaries,  which  results  in  higher  androgen  levels  than  genetic  females  and  higher 
estrogen  levels  than  genetic  males  [  ’  ’  ].  Actually,  the  female-to-male  transsexuals 

receiving  androgen  therapy  exhibit  increases  not  only  in  circulating  T  but  also  in  circulating 
estrone  and  E2  eompared  to  normal  women.  This  unique  endocrine  situation  may  make 

these  female-to-male  transsexuals  a  good  population  for  the  study  of  the  possible  synergistic 
tumorigenecity  of  abnormal  estrogen  and  androgen  in  women.  Unfortunately,  so  far,  there  have 
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only  been  several  studies  and  case  reports  on  the  observations  of  breast  tissue  collected  at 
mammoplasty  of  female-to-male  transsexuals  in  these  studies,  cystic  formation  and 

apocrine  metaplasia  are  the  major  morphologic  findings,  while  no  pronounced  hyperplasia  nor 
dysplasia  of  the  mammary  epithelia  is  observed.  However,  the  majority  of  the  cases  in  these 
studies  received  androgen  treatment  for  only  one  to  several  years,  which  is  a  too-short  period 
relative  to  the  life  span  in  women,  considering  the  fact  that  hormonal  carcinogenesis  in 
experimental  animals  usually  takes  one-fourth  or  more  of  the  life  span  In  addition,  many 

patients  in  these  studies  had  stopped  use  of  androgens  prior  to  their  mammoplasty.  Therefore,  it 
remains  unknown  whether  a  longer  androgen  therapy  in  female-to-male  transsexuals  associates 
with  neoplastic  growth  of  their  mammary  glands. 

There  are  also  indications  for  a  possible  synergistic  role  of  estrogens  and  androgens  in  the 
tumor  development  of  other  female  reproductive  organs.  It  has  been  well  known  that  the 
development  of  ovarian  cysts  is  associated  with  elevated  levels  of  circulating  T  [  ’  ’  '  ]. 

Since  ovarian  cysts  have  a  higher  risk  to  progress  into  ovarian  cancer  elevated 

androgens  may  be  interrelated  to  the  ovarian  cancer  development  This  hypothesis  is 

supported  by  the  facts  that  AR  is  expressed  in  normal  ovaries  and  in  most  ovarian  cancer 
biopsies  [249-252j  gg^ause  elevated  estrogens  have  been  associated  with  an  increased  risk  of 
ovarian  cancer  [246;247;253j^  cannot  be  excluded  that  increased  estrogen  and  androgens  may 
actually  play  a  combined  role.  In  line  with  this  consideration,  a  pronounced  increase  in  the 
development  of  polycystic  ovarian  disease  has  been  documented  in  the  literature  for  the  female- 

to-male  transsexuals,  and  cases  of  ovarian  cancer  have  been  reported  in  these  transsexuals  as 
well  [131;241;254.258^_ 

Elevations  in  circulating  T  are  associated  with  the  occurrence  of  endometrial  hyperplasia  and 
squamous  metaplasia  [i'^*;24B;259-26ij  gjj^gg  androgen  concentrations  in  uterine  tissue  are  even 
higher  than  the  concentrations  in  the  serum  a  direct  role  of  androgens  in  the  uterus  is 

very  likely.  Supports  to  this  thought  are  the  facts  that  AR  is  expressed  in  significant  amounts  in 
endometrium  and  stroma  of  normal  uterus  and  in  endometrial  cancer  [’34, 249,251, 263j  jyigverover, 
increased  androgenic  activity  has  also  been  observed  in  well-differentiated  endometrial 
adenocarcinomas  All  these  data  provide  the  cellular  basis  for  a  direct  action  of  androgens  in 
these  normal  and  malignant  uterine  tissues. 

Cases  of  endometrial  cancer  and  uterine  leiomyomas  have  been  reported  in  women  with 
hirsutism,  usually  caused  by  adrenal  disfunction  [3^3-267j  a  history  of  exposure  to 

diethylstilbestrol  (DBS)  in  utero,  so-called  DES  daughters,  also  exhibit  an  elevated  level  of 
ciruculating  T  [  ]  and  an  increase  in  the  fi-equency  of  hirsutism  [  ].  Proliferative  endometrium 

has  been  observed  in  the  majority  of  the  female-to-male  transsexuals  receiving  androgen  therapy, 
with  cystic  hyperplasia  in  some  cases  [24i;256;257j^  these  clinical  data,  female  mice 

exposed  in  utero  to  DES,  a  treatment  which  has  been  shown  to  increase  circulating  T 
develop  uterine  adenocarcinomas  [®4.268,27o-276j  Treatment  of  ovariectomized  female  rats  with  T 
markedly  increases  the  height  of  the  luminal  epithelium  of  the  uterus  and  induces  marked 
endometrial  metaplasia  and  hyperplasia  All  of  these  clinical  and  experimental  results 
indicate  an  association  of  elevated  androgens  with  endometrial  outgrowth  and  cancer.  Since 
elevated  estrogens  have  been  associated  with  the  hyperplasia  and  neoplasia  in  the  uterine 
endometnum  as  well  [  ’  ’  '  ],  it  is  possible  that  increased  estrogens  and  androgens  may 

actually  play  a  combined  role.  Actually,  in  female  Syrian  hamsters  treated  with  estrogen  and 
androgen,  but  not  either  hormone  alone,  uterine  carcinomas  were  occasionally  discerned, 
together  with  cystic  glandular  hyperplasia  of  endometrium  [  ’  ].  Xie  et  al  also  observed  a 

uterine  carcinoma  in  one  female  Nb  rat  receiving  both  hormones,  although  it  was  suspected  to  be 
a  metastasis  from  the  mammary  tumors  [^^’]. 


Possible  mechanisms  for  the  roles  of  androgens  in  the  female  reproductive  organs 

The  mechanism  accepted  by  most  investigators  for  the  growth-stimulatory  action  of 
androgens  in  mammary  epithelia  and  breast  cancer  is  that  androgens  serve  as  precursors  for 
biotransformation  to  estrogens,  resulting  in  estrogen  excess.  This  mechanism  certainly  exists  and 
plays  certain  roles,  as  described  in  the  above  sections.  However,  it  does  not  explain  the  growth 
inhibition  by  androgens  observed  in  many  other  situations,  and  therefore  may  not  be  the 
dominant  mechanism,  at  least  in  certain  circumstances. 

It  has  been  proposed  for  many  years  that  low  levels  of  adrenal  androgens  may  promote 
breast  cancer  and  higher  levels  may  prevent  it  Adrenal  androgens  are  postulated  to  have 
two  primary  effects  on  mammaiy  tumor  cells  [  ’  ’  ’  ]:  1)  In  the  absence  of  estrogens,  they 

stimulate  growth  of  breast  cancer  cells  via  binding  to  ERa;  this  effect  can  be  blocked  by 
treatment  with  antiestrogen.  2)  In  the  presence  of  estrogens,  they  act  as  antiestrogens  to  inhibit 
estrogen-stimulation  of  growth  of  breast  cancer  cells;  this  effect  is  exerted  via  AR  and  can  be 
blocked  by  antiandrogens  [  ’  ’  ]•  According  to  these  hypotheses,  m  those  who  have  low 

circulating  estrogens,  such  as  most  postmenopausal  women,  androgens  may  be  growth 
stimulatory  for  mammary  epithelial  or  cancer  cells  by  direct  binding  to  ERa  to  mediate 
estrogenic  functions.  This  line  of  thinking  obtains  supports  from  the  in  vitro  observations  that 
androgens,  especially  those  of  adrenal  origin,  indeed  are  capable  of  binding  to  ERa,  although  the 
binding  affinities  are  much  lower,  compared  to  estrogens  other  hand,  in 

those  who  have  relatively  high  circulating  estrogens,  such  as  most  premenopausal  women, 
androgens  may  exert  mainly  antiestrogenic  effects  via  binding  to  AR,  suppressing  estrogen- 
stimulation  of  the  growth  of  mammary  epithelial  or  cancer  cells.  Down-regulation  of  the 
expression  of  ERa  and  progesterone  receptor  (PR)  may  be  one  of  the  mechanisms  for  androgens 
to  achieve  this  effect 

It  is  a  well-known  phenomenon  that  most  androgens  have  various  abilities  of  binding  to  PR 
to  mediate  progestational  functions  Since  progesterone  has  a  complicated  influence  on 

the  mammary  epithelia,  including  both  growth  stimulation  and  inhibition  it  remains 

possible  that  the  reported  dual  functions  of  androgens  may  actually  be  a  reflection  of  their 
progestational  effects.  In  addition,  androgens  have  been  shown  to  stimulate  expression  and 
secretion  of  prolactin  from  uterine  stromal  cells  ["']  and  to  induce  expression  of  the  prolactin 
receptor  in  human  breast  cancer  cells  Neonatal  androgenization  also  increases  the  secretion 
of  prolactin  from  pituitary  during  adulthood  Therefore,  the  effects  of  androgens  may  also 

be  a  result  of  increased  function  of  prolactin-prolactin  receptor  signaling. 

The  AR  gene  contains  a  highly  polymorphic  CAG  trinucleotide  repeat,  which  encodes 
glutamines,  in  its  first  exon.  The  length  of  the  CAG  repeat  is  inversely  associated  with  the  degree 
of  transcriptional  activity  of  AR  [  ].  In  a  recently  report  [  ],  ovarian  cancer  patients  who 

carried  a  short  CAG  repeat  allele  of  AR  was  diagnosed  on  average  of  7.2  years  earlier  than  those 
patients  who  did  not  carry  a  short  allele,  indicting  that  a  stronger  AR  activity  might  be  associated 
with  ovarian  cancer  development.  On  the  other  hand,  in  women  who  inherit  a  germline  mutation 
in  the  BRCAl  gene,  those  who  carry  more  CAG  repeats  in  at  least  one  AR  allele  have  a  higher 
risk  of  breast  cancer  development  than  those  who  carry  less  CAG  repeats  Since  BRCAl 

protein  is  an  AR-coactivator  that  binds  to  AR  and  enhances  AR  signaling  it  is  possible  that 
in  BRCAl  carriers,  androgens  may  act  via  AR  to  inhibit  the  development  of  breast  cancer, 
although  it  may  not  be  the  case  in  non-BRCAl  carriers. 

Another  mechanism,  which  also  involves  an  AR-coactivator  but  not  androgens  per  se,  is 
that  in  the  presence  of  the  AR-coactivator  ARA70,  E2  (but  not  DES)  is  capable  of  binding  to  AR 
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and  activating  AR  transcriptional  activities  in  some  human  prostate  cancer  cells 
Evidence  has  also  been  shown  that  this  mechanism  may  be  involved  in  the  development  of  the 
male  reproductive  system  as  well  [  ].  Thus,  the  natural  estrogen  can  also  function  as  an 
androgen  to  be  a  natural  ligand  of  AR  under  certain,  yet  undefined,  conditions.  It  is  currently 
unknown  whether  such  ARAvo-mediated  activation  of  AR  transcriptional  activities  by  E2  also 
occurs  in  the  normal  and  malignant  tissues  of  the  mammary  gland  and  other  female  reproductive 
organs,  although  ARA70  expression  has  recently  been  shown  to  be  activated  in  human  ovarian 
cancer 

In  summary,  androgens  of  both  ovarian-  and  adrenal-origins  have  been  shown,  both  in 
animals  and  in  cultured  cells,  to  either  stimulate  or  inhibit  growth  of  the  mammary  gland  and 
breast  cancer.  There  are  at  least  six  possible  mechanisms  for  androgens  to  accomplish  these 
functions:  1)  Androgens  serve  as  estrogen  precursors  and  are  converted  to  estrogens.  2) 
Androgens  exert  estrogenic  effects  by  directly  binding  to  ERa;  adrenal  androgens  have  higher 
affinities  for  ERa  than  T  and  DHT,  and  therefore  are  more  potent  in  this  function.  3)  Androgens 
exert  androgenic  effects  by  directly  binding  to  AR.  4)  Androgens  may  bind  to  PR  and  exert 
progestational  effects.  5)  Androgens  may  stimulate  the  expression  of  prolactin  and  prolactin 
receptors,  playing  the  functions  of  prolactin.  6)  In  the  cases  of  BRCAl  carriers,  androgens  may 
act  via  AR-BRCAl  complex  to  inhibit  the  development  of  breast  cancer;  this  mechanism,  if  it 
really  exists,  is  affected  by  the  length  of  the  CAG  repeat  in  the  AR  gene. 

Perspectives 

Many  references  described  in  this  review  seem  to  lead  us  to  a  hypothesis  that  increased 
androgens  and  estrogens  may  be  synergistic  in  tumorigenecity  of  several  tissues  of  the 
reproductive  systems.  So  far,  this  hypothesis  has  received  experimental  evidence  in  rodents  for 
tumorigenesis  in  the  prostate,  epidimis,  uterine  myometrium,  and  mammary  gland,  as  described 
above,  while  direct  experimental  evidence  for  tumorigenesis  in  the  ovary  and  endometrium  is 
still  lacking.  Attempts  have  been  made  to  use  either  estrogen  or  androgen  alone,  but  not  in 
combination,  in  the  induction  of  ovarian  cancer  emd  endometrial  cancer  [207;274;296-30ij  results 
of  uterine  carcinogenesis  by  either  estrogen  [274;275;297;300j  androgen  have  been 

satisfactory,  at  least  in  certain  strains  of  mice.  Combined  treatment  of  DMBA  and  T,  but  not 
each  alone,  has  also  been  shown  to  effectively  induce  endometrial  cancer  in  female  rats  [^°^]. 
However,  estrogen-  or  androgen-induced  ovarian  tumorigenesis  has  thus  far  resulted  mainly  in 
benign  epithelial  neoplasms,  at  least  in  guinea  pigs  it  would  be  intriguing  to  see  whether 

combinations  of  androgen  and  estrogen  at  certain  doses  and  ratios  are  capable  of  inducing  tumors 
of  the  ovary  and  endometrium  at  high  incidences,  and  which  forms  of  androgens  and  estrogens 
are  more  potent  than  the  others  for  tumorigenecity.  It  is  possible  that  even  if  androgens  and 
estrogens  are  eventually  shown  to  be  indeed  synergistic  for  tumorigenecity  of  many  reproductive 
organs,  including  the  ovary  and  endometrium,  the  optimal  doses  of  each  hormone  and  the  ratios 
between  the  two  hormones  may  be  tissue-specific.  Different  forms  of  androgens  and  estrogens 
may  show  different  tumorigenic  potencies  for  different  tissues  or  organs.  Each  specific  target 
tissue  may  have  its  own  optimal  form  of  androgen  and  estrogen  and  its  most  optimal  ratio  of  the 
two  hormones  for  tumorigenecity.  This  may  explain  the  observation  that  uterine  carcinomas 
develop  only  occasionally  in  the  female  Syrian  hamsters  and  Nb  rats  treated  for 

other  purposes  with  both  estrogen  and  androgen. 
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